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PREFATORY NOTE 



The method of measuring induction shocks described 
in the following pages was developed in a series of papers 
published between 1908 and 191 1 in the American Jour- 
nal of Physiology. Extended use of the method by 
myself and coworkers has shown it to have great value 
in many physiological and psychological researches. In 
order to make the method more readily available for 
investigators, and with the hope that thereby quantita- 
tive studies may be more generally made, the scattered 
material of the original papers has been assembled into 
the form herein presented. Since the work aims to 
serve rather as a manual than as an exposition of prin- 
ciples, only so much theoretical matter is included as is 
necessary to make intelligible the procedures adopted. 

E. G. M. 

Boston, April, 1912. 
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INDUCTION SHOCKS 



CH.\PTER I 
THE CHARACTERISTICS OF INDUCED CURRElfTS 

Introductory. The inductorium has become one of 
the most familiar and most useful instruments in the 
phj"siological laboratory". There are few physiological 
researches which do not involve artificial stimulation of 
tissues; and for the production of stimuli induction 
shocks are in most cases the first choice. The}? are 
eaaer to use and they subject the stimulated tissue to 
less permanent modification than do other forms of 
artificiid stimulus. Induction shocks are, hoiK^ver, ver}- 
variable in intensity; and as commonly used there is 
no means of knowing or of stating their physiological 
effectiveness in other than the most general terms. An 
induction shock is weak, medium, or strong. ]^Iore 
closely than that the user does not attempt to describe it. 

This lack of knowledge as to the strengths of the 
stimuli employed is often a serious handicap in the pros- 
ecution of individual researches, particularly such as 
call for the use of stimuli of van-ing strengths. It also 
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operates to make uncertain the attempts of investigators 
to duplicate the experiments of others. 

No one will question the desirability of being able to 
measure faradic stimuh, both for the sake of controlling 
the stimuli used in one's own experiments, and also in 
order that these stimuli may be so described as to 
enable other workers to duplicate them as occasion 
arises. 

The purpose of this work is to qjitline a system for 
cahbrating the apparatus used in generating induction 
shocks, so that the value of the shocks may be expressed 
in terms of stimulation units; these units to be appli- 
cable to any properly constructed induction apparatus, 
and to be based upon determinations which can be made 
in any ordinarily equipped physiological laboratory. 
The system proposed is not a new departure, but is an 
extension and amplification of previous systems. 

HistoricaL The phenomenon of electromagnetic in- 
duction was discovered by Faraday in 1831, and its 
physical characteristics were very thoroughly worked 
out by hiTTi and by Henry about the same time. The 
first suggestion for the physiological use of induction 
shocks appears to have been made by Sturgeon* in 
1837, and from that time to the present their use in this 
connection has continued. 

Various forms of induction apparatus have been de- 
* Annales de Stuigeon: 1837, p. 477. 
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vised, but for physiological purposes only one has come 
into common use; thb form, designed by E. du Bois- 
Reymond* in 1848, is illustrated in Figs, i and 2. 
Such modifications of this design as have arisen since 
its introduction have to do only with details, and not at 
all with the imderlying principle of the apparatus. 

Structure of the Inductorium. The induction coil, as 
adapted by du Bois-Reymond to physiological use, con- 




Pte. I. "Hie induction ctal as used for physiological puiposes 
(du Bofe-Reymond pattern): A, the priman' aal; B, the secondary 
cdl; JP", binding posts to which axe attached the wires from the battery 
— they connect with the ends of coil .4; P", binding posts connecting 
with ends of ctal B, through which the induction current is led off; S, 
the sKde, with scale, in which aal B is mov^ed to alter its distance from .-1 . 

sasts, in essence, of two coils of carefully insulated copper 
wire. One of these, the primary coil, is made up of 
two or three layers of rather coarse wire woimd upon a 
hoUow core of nonconducting material. Usually the 
outdde diameter of this coil is about 2.5 to 4 cm,, and 
its length between S and 14 cm- The ntmiber of turns 
* du B<HS-Reym<aid: Untas, flber tierisdie Electriatat, 184S, Bd. 1, 
S. 447; also, Bd, n, I, S. 393- 
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of wire does not ordinarily exceed 6c». The coil is 
mounted horizontally by one end upon a suitable sup- 
port. The ends of the wire are brought to two 
binding posts, situated at some convenient place on the 
support. 

The other coil, the secondary, consists of numerous 
turns of very fine insidated wire, wound upon a hoDow 
spool whose inside diameter is such that the secondary 
coil can be brought over the primary. The number of 
turns of wire is usually between 5000 and 10,000. The 
length of the secondary coU is about equal to that of 
the primary. The ends of the wire are brought to 
binding posts moimted upon the spool. A slide, 30 or 
40 cm. long, projects from the support of the primary. 
The secondary is mounted upon this slide with its axis 
coincident with the axis of the primary. A scale, grad- 
uated in millimeters, is mounted on the slide. A pointer 
on the secondary coil is so placed that it indicates zero 
on the scale when the secondary covers the primary 
completely. A device for making and breaking the 
primary circuit automatically is usually included as 
part of the apparatus; and a bundle of soft iron wire, so 
constructed as to sUde into the hollow core of the pri- 
mary coil, is likewise provided. 

Principle of the Inductorium. Whenever a steady 
current is flowing through the primary coil there exists 
about it a magnetic " field of Jorce." This field may be 
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pictured as consisting of " lines of force " each of which 
passes lengthvdse through the primary coU, and, ex- 
tending a greater or less distance from it into space at 
either end, curves outward and back so that the two 
ends meet, making each " line of force " a dosed ellipse. 
The lines of force are verj- numerous near the primary 
coil, but become less and less frequent as the distance 
from the coil increases. The number of lines of force 
present and tlie distance from the coil at which they can 
be detected depend upon the intensity of the current 
flowing through the coH. 

If another coil of wire, the secondarj-, be placed 
within the field of force about the primaiy- in such 
position that lines of force pass lengthwise through it, 
any altaratioH in the number of lines of force compre- 
hended within the secondary generates within it a cur- 
rent which is the induced current This current, which 
depends upon cJiuHgcs within the field of force, ceases to 
be generated whenever the field of force becomes steady. 
and outlasts the change in the field only the brief frac- 
tion of a second required for the current to die away. 
The dircitWH of the induced current depends upon the 
direction of the current through the primary coil, and also 
upon whether the change in the field is an increase or a 
decrease in the niunber of lines of force. The iutensiiy 
of the currents induced in any secondary- coil depends 
upon the number of fines of force moving through it, 
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and also upon the rate of their movement; the more rapid 
the change in the field, the higher the intensity. 

The method used in physiology for bringing about 
alterations of the field within the secondary coil is to 
make and break the current through the primary. 




Fig. 2. Schema of mdaction s^paratos (Lombard), h rqiie- 
sents the galvanic batteiy comiected by wires to the primary cofl A. 
On the course of one of these wires is a key, k, to make and break the 
current. B shows the principle of the secondary coil and the connec- 
tion of its two ends with the nerve of a nerve-muscle preparation. 
When the battery current is closed or made in ji, a brief current of high 
intensity is induced in B. This is known as the makiTig or dosing 
shock. When the battery current is broken in ^, a second brief induc- 
tion current is aroused in B. This is known as the breaking or opening 
shock. 



When the primary current is made there is a sudden in- 
crease in the lines of force cutting the secondary coil; 
when the primary current is broken these lines of force 
suddenly disappear. The currents induced by the make 
and the break of the primary drcuit are obviously of 
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very short duiation, since the time required to establish 
the field of force on the one hand, and for its disappear- 
ance on the other, is measured in thousandths of a 
second, and, as we have seen, only during these periods 
do induced currents flow. The current induced in the 
secondary by the make of the primary circuit is usually 
spoken of in physiology as the make shock; that induced 
by the break of the primary is the break shock. 

A feature of induction shocks which commends them 
particularly to the phjsiologist is the ease with which 
thdr intensity may be A-aried. For securing this varia- 
tion ad\'antage is taken of the dependence of the induced 
current upon the number of lines of force which cut the 
secondary coil. There are two ways of var\-ing this 
number: One is by changing the intensity of the primarj' 
current; the other, by shifting the position of the sec- 
ondary coil with reference to the primary. This latter 
method is the one used in the du Bois-RejTmond induc- 
torium, and it is a ver}- satisfactorv- method, since by 
means of it the strength of the stimidus can be \-aried 
se\-eral hundredfold, from the maximum for the appa- 
ratus to a \7alue n^ligibly small, by simple shifting of 
the secondary from one end of its shde to the other. 
Many inductoria are so constructed that the secondar^- 
cxhI can be rotated about an axis midway of its length. 
In this way the intensity- of the induced current can be 
cut do^im to zero, since when the secondary is at right 
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angles tx3 the primary no lines of force pass lengthwise 
through it. For quantitative purposes, however, it is 
better to have a rather long slide and to keep the sec- 
ondary coil always with its axis coincident with that of 
the primary. 

The Form of Make and Break Induced Currents. 
When a circuit is closed through the primary coil of an 
inductoriiun there is a growth of the current within this 
coU from zero to its full value. Coinddently with this 
growth of current there is being established a field of 
force about the coU, and if there is a secondary coil 
within this field a current is being induced therein. 
This induced current also begins at zero and increases 
in intensity during the establishment of the field of 
force about the primary. As soon as the field is fully 
established, so that movement of the lines of force 
ceases, there is no further induction and the current 
within the secondary dies away. We may represent the 
successive changes in intensity of the induced current 
by a curve such as that shown in Fig. 3 in which the 
height of the ciu^e at any point represents the intensity 
of the induced current at that instant. 

The rise of the make induced current from zero to the 
maximum, although rapid, is by no means instantaneous, 
there being a well marked delay in the establishment of 
the current through the primary coil after the circuit is 
closed. This delay is due to the phenomenon of indue- 
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taiice within the primary coil. This phenomenon may be 
explained as follows: When the current sweeps through 
any turn of wire of the primary coil it tends to establish 
a field of force about that turn; but as the lines of force 
composing this field cut through adjacent turns of wire 
of the primary they induce ciurents therein. Since en- 
ergy is expended in this inductance the currents thus 
induced cannot be in tlie same direction as the inducing 
current; inasmuch as if they were, there would be a 




B 

Fig, 3- Oirve illustiatuig the growth and decline of a make 
induced current. AB r^iresents the time required for the primary 
cuiient to become fully established. 

gain of energy — a thing impossible; they oppose the in- 
ducing current and allow it to reach its full xabxe only 
after it has \ielded the energy necessary for the induc- 
tance. In Fig. 5 the line AB represents the time occu- 
pied by the primary- current in estab lishing itself against 
the inductance, and therefore the time during which the 
induced current increases. 

Any condition which diminishes the inductance within 
the primary- coil, thereby allowing the primarj^ current 
to establish itself more quickly, will not only make the 
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ascending limb of the curve of Fig. 3 steeper, but will 
also cany it higher; that is, the cuirent induced in the 
secondaiy will not only reach its Tnaximiini intenaty 
more quickly, but that maTnTmim will be greater; this 
result being due to the fact that the intensity is greater 
the more rapid is the alteration in the field of force 
cutting the coiL 

While a current is flowing steadily through the pri- 
mary coil no induction is manifest; but when the current 
is broken there is produced in the secondaiy coil a 
break induced current. The agency generating this cur- 
rent is iJie sudden withdrawal of the field of force from 
the secondary coiL 

With the breaking of the primary circuit it would 
seem at first thought that the lines of force should dis- 
appear instantly and that there should be an instan- 
taneous leap of the break induced current from zero to 
TnaTrimnm - As a matter of fact the growth of the break 
current, although very rapid, is not instantaneous, for the 
reason that with the breaking of the primary circuit 
the energy absorbed from the current at its make by 
the inductance within the coil is released and manifests 
itself as the " extra current," jumping across the points 
of broken contact as a spark and prolonging slightly 
the decay of the primary current. 

The chief difference between Fig. 10, p. 33, which rep- 
resents the course of a break induced current, and Fig. 3, 



THE CHARACTERISTICS OF ESfDUCED CURRENTS II 

representing a make ciirrent, lies in the greater steep- 
ness of the ascending limb of the curve of the break cur- 
rent, due to the shorter period occupied by the spark 
in p>assing. Here again any condition that hastens the 
passage of the spark brings about increased intensity 
of induced current by accelerating the disappearance of 
the field of force. 

Since under most conditions the delay in establishing 
the primary current, due to inductance, is greater than 
the delay in its disappearance, from sparking at the con- 
tacts, make shocks are usually less intense physiologi- 
calty than are break shocks. 



CHAPTER n 

FACTORS WHICH AFFECT THE STREKGTHS OF FASADIC 
STIMULI 

Any scheme for measuriiig induction shocks, if it is 
to be wholly satisfactory, must take into account all 
the soiirces of possible variation present in the mechan- 
isms by which the shocks are generated and applied 
to tissues. The numerous methods which have been 
worked out hitherto have been unifonnfy based upon 
sound phyacal principles, and give accurate results so 
far as they go; they leave something to be desired, how- 
ever, in that none of them deals with all the conditions 
of variation which are actually present whenever tis- 
sues are stimulated, and their usefulness is limited by 
just that much. The justification for the present work 
lies in its attempt to take into accoimt all the sources 
of variation which exist. These are to be divided into 
those whose influence upon the strength of stimuli is 
in accordance with mathematical laws, determinable by 
the e^ieriment^, and those which are not apparent^ so 
determinable. The former are made the basis for the 
system of measmiug stimuli herein described; the latter 
are studied with a view to showing how their effects 
may be minimized. 
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Sotmes of Variation. The induction apparatus, as 
used in the physiological laboratory, consists of two cir- 
cxiits: the primary, or inducing circuit, which includes 
the primary coil of the inductorium, a source of current, 
and a device for making and breaking the circuit, to- 
gether with the necessai},^ coimecting wires; and the 
secondan,' circuit, indudiug the secondary coil, wires 
leading thence to suitable stimulating electrodes, and 
the tissue to be stimulated. In Fig. 2, p. 6, these cir- 
cuits are illustrated diagrammatically. 

In any given primary circuit variations may arise 
either in the amoimt of ctirrent yielded by whatever 
source of current is used; or in the key, whereby the 
circuit is made and broken. In any given secondary 
drcxiit variations may arise in the position of the sec- 
ondary coil with r^pect to the primary-, this being, as 
we have seen, the usual method of bringing about varia- 
tions in stimulating strength; in the electrical resistance 
of the tissue which is being stimulated; and in the con- 
tacts between the stimulating electrodes and the tissue 
to which they are applied. Also different inductoria 
usually present structural differences, such as different 
dimensions and different numbers of turns of wire in 
primary and secondary coils, which themselves bring 
about wide differences in the strengths of stimuli gen- 
erated by the different inductoria. The presence or 
absence of an iron core within the primary a)il is also 
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a source of great modification of stimuIL Fina]fy, as we 
have seen, there Is a difference in phydolo^cal effect 
between make shocks and break sho<^. 

Of the sources of variation just described the following 
are subject to laws which are determinable, and are to 
be included, therefore, in our quantitative scheme: The 
construction of the inductorium, the position of the sec- 
ondary coil with respect to the primary, the presence or 
absence of an iron core in the primary, the intensity and 
voltage of the primary current, the use of make or break 
^o<±s, the electrical resistance of the stimulated tissue 
and the mode of contact of the stimulating electrodes 
with the tissue. 

The variable which is not determinable is tie effect 
on the stimulus of the maimer of tnaklng or breaking 
the primary drcuit. This must be, so far as possible, 
made unif onn. 

Methods Previously Proposed. The first attempt to 
measure induction shocks is said to have been made by 
Rosenthal in 1857.* Two years later Pfluger made quan- 
titative comparisons between shocks, varying thdir in- 
tensities by varying the primary current, leaving all 
other factors constant. His method gives accurate rela- 
tive results, but seems not to have commended itsetf to 
phy^logists, probably because it calls for a rather com- 

* See Garten: Handbudi der jdiyaaL Methodik, 1908, Bd. II, 
Abt 3, S. 393. 
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plex mechanism for vanning and at the same tune 
measuring the primary current. 

The earliest method of measming induction shocks 
which received wide recognition was worked out under 
the direction of Fick by his student, Meyer, in 1869.* 
This method concerned itself altogether with the efEect 
upon the intensity of break shocks of shifting the posi- 
tion of the secondary coil relative to the primary, and 
amounts, therefore, to a calibration of the sUde upon 
which the secondary coil moves. By such calibration 
the relative intensities of the shocks given by the in- 
ductorium at the various secondan,- positions are accu- 
rately indicated, so long as all the other variable factors 
rcmajf} unchanged. A similar caJibratioij is an essential 
feature of any scheme for the quantitative use of the 
inductoixum, and indeed the only criticism of the Fick 
method of measuring stimuli is for its incompleteness. 
The Fick calibration was accomplished by including in 
the secondary circuit a galvanometer and determining 
the current induced in the secondary coil at its various 
positions by the deflection produced when a given cur- 
rent was made or broken through the primary. This 
method, although simple in theory, was in fact rather 
difficult to put into practice with the electrical measuring 
£^paratus available in Fick's time; and accordingly 

* Meyw: XSitos. lAys. Labor, d. Zuridier Hodtsdtiile, ^\len, 1869, 
&36. 
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Kronecker,* in 1871, introduced a modt&cation of the 
method whereby its application was simplified. He used 
two inductoiia, connected their secondary coils in series 
with a galvanometer and connected both primary coils 
with a single source of current in sudi fashion that the 
two secondaries gave induced currents opposite in direc- 
tion when the primary circuit was broken. Thus the 
galvanometer deflection was used merely as an indicator 
that one induc«l current was stronger than the other, 
rath^ than as a measure of the stxengfli of the induced 
current itself. 

With both secondaries at zero the primary current 
was brokrai and the amount and direction of deflection 
noted. Tlie coil ^ving a stronger shock was thrai moved 
outward till no deflection occurred. Then the weaker 
coil was moved outward till a deflection equal to the 
first one was obtained. This procedure was repeated 
till the whole length of the slide had been traversed, the 
number of times the stronger secondary was moved be- 
ing noted. If this number is multiplied by the original 
galvanometer deflection we have a value which ex- 
presses how many times greater the galvanometer de- 
flection would be with the secondary at zero than at the 
end of the slide. To calibrate tlie slide on the basis of 
xooo units, as Kronecker does, the total deflection noted 

* Kioaeditx: Aibdten ans der {diyskdqgisdiai Anstalt za Lapag, 
X871, S. 186. 
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above is divided by 1000 and the quotient gives the gal- 
\-anometer deflection per unit. If now the weaker coil 
is set at zero and the stronger at a point such that the 
galvanometer deflection is that called for per unit, it is 
possible, by repeating the original procedure, to di^•ide 
the scale into 1000 parts, each of which represents a 
given galvanometer deflection, and therefore an equal 
decrement in stimulating value. This method has the 
adx^antage that after one inductorium is calibrated it is 
extremely easy to calibrate others to correspond witli 
it, by connecting the calibrated and uncalibrated coils 
in the manner described above and finding the corre- 
sponding points on the two slides. Kronecker, by sub- 
stituting a telephone for the galvanometer, made the 
taking of readings even more simple. 

The method has the disadA-antage that it is purely 
arbitnm-. depending at the outset on a chance difference 
of stimulating strength occurring in two inductoria; 
for this reason the caUbration can only be duplicated 
through access to a coil already calibrated. An ob- 
server, unable for any reason to obtain a Kronecker coU, 
might, it is true, prepare a calibration of his own by 
repeating Kronecker's original procedure, but he could 
not know whether his imits represented the same stimu- 
lating values as the corresponding Kronecker units, and 
so could not express satisfactorily the strengths of 
stimuli used by him. 
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V. HdscM,* in 1875, proposed a method of caHbrating 
the inductorimn in which for the galvanometer deflec- 
tion was substituted the threshold contraction of a 
nerve'niusde preparation. In this calibration the de- 
creases in stimulating value which r^ult from moving 
the secondary coil outward were compensated by in- 
creasiag the current through the primary cral, the in- 
creases required being takeii as the measure of the 
change in stimulating intensity resulting from the move- 
ment of the secondary. This method has the advantage 
of being available in situations where no galvanometer 
can be obtained. Its greatest importance Ues, however, 
in confirming the assumption of Fick and of Kronet^er 
that the physiological intensities of break induced cur- 
rents are proportional to the galvanometer deflections 
they produce. 

Wertheim-Salomonsont has recently described a 
method for obtaining a physiolopcal calibration in 
which variations in the primary current are avoided. 
He places the nerve of the nerve-mtiscle preparation to 
be used as an indicator ia one branch of a divided sec- 
ondary circuit, and in the other branch places a re- 
dstance equal to that of the nerve. (See Fig. 4.) The 
resistance of the divided circuit is then one-half that of 

* V. Fldscfal: Sitzb. d. k. Akad. d. \V%seiisdi. Wkn, 1875, Bd- 
bmi, Abth. TTT. Also Ges. AUi., 1893, S. 475. 

t Wettheun-SalomcHisaD: Zehschr. L Elektrodier. L, 1899, S. 97. 
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the nerve alone. By pladng in the circuit beyond the 
shunt another resistance equal to one-half that of the 
nerve the total resistance of the secondary circuit is 
made equal to what it would be if the shunt and the 
added redstance were both removed. Since, however, 
the nerve is in a divided circuit, both branches of which 
have equal resistance, it receives only one-half the cur- 
rent generated in the secondary coil. That secondary 
position at which the nerve receives thr^hold stimula- 
tion when in the divided circuit is determined, and then 



Nerve, rf Bbs. W 




W 

Fig. 4. Diagram showing method of inserting resistances in the 
WerthpiTn-SalowrtnW" method of calibration. After Gasten. 

the shunt and the additional resistance are cut out. 
Now the nerve receives the whole current from the sec- 
ondary instead of half of it, and if the secondary posi- 
tion is found at which the threshold stimulus is again 
imparted we know that this second current has just 
half the stimulating value of the first. We have thus a 
method for comparing stimuli, which admits of exten- 
sion sufficient for the complete calibration of a coil. 
It has, however, the shortcoming, already noted for 
Kronecker's method, of ^ving values applicable only 
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to the single coil on which it is worked out. One very 
important feature of a wholly satisfactory calibration 
must be its general applicabihty, so that any property 
constructed inductorium can be calibrated in any labo- 
ratory to give results comparable with those obtaned 
from other calibrated instruments. 

Moreover, it is not to be forgotten that no method 
of calibration thus far described takes into account the 
effects of strength of primary current, of tissue reastance, 
or the method of applying the stimulating electrodes, 
all of which are important, and at the same time de- 
terminable, and therefore to be included in a complete 
calibration scheme; nor do any of them consider the 
strength of make shocks, aR being available onty for 
breaks. 

A device which is superior in certaru req)ects to any 
thus far described for measuring stimuli is the "faia- 
dimeter " of Edehnann. In this apparatus a galvanom- 
eter in the secondary circuit registers the voltage of the 
induced current. The galvanometer readings ^e cor- 
rect indications of the values of stimuli onty when a 
current of definite, fixed amperage is broken in the 
primary circuit. It is necessary, therefore, to have a 
source of currents specially selected to give this amper- 
age, and by means of an ammeter in the primary cir- 
cuit to insure that it is maintaioed. Hie Edehnann 
method is an advance over others in that it takes 
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account of the factor of primary current strength and 
provides for its regulation. It does not, however, take 
account of the influence upon the strength of stimulus 
of variations ia tissue resistance, since the quantity' 
measured by the galvanometer, namely the voltage, is 
independent of the resistance. Xor does it consider the 
effect of the method of application of the stimulating 
electrodes. But so long as these two factors remain 
constant the Edehnann faradimeter gives accurate re- 
sults for break shocks, and expresses them in terms 
such that the stimuli used bj- one worker can, save for 
the factors above mentioned, be duplicated by others. 
The importance of taking secondary- resistance into 
account was brought out by Hoorweg* in 1893. He 
demonstrated the effect of variations ia resistance in 
modifying stimulation strengths, and emphasized the 
necessity of working out some method bj- which to 
ascertain this effect. At his suggestion GUtay j de- 
signed an electrodjTiamometer by which the variations 
in strength of stimulus due to A'arj-ing secondarj^ re- 
sistances can be read directly. This apparatus fulfils 
admirably the purpose for which it was designed. It 
is, however, of little practical use in phjsiolog},-, since 
its readings, to be comparable, must be made with the 

* Hocsnreg: Die medidnische Elettroterhnik imd ihre phj-sikalischea 
Grundlagieii, Le^^g. 1S03. 

t Gfltay: Annalea der Phx'sik und demie, 1S93, Bd. 50, S. 756. 
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same inductorium or with inductaria of jsedsefy similar 
constniction, and the position of the secondary cofl 
with reelect to the primary mnst not be altered. In 
view of the fact that moving the secondary coil is the 
usual method among physiolopsts for varying the 
strength of stimulus, this instrument dearfy does not 
altogether meet the requirements of physiological work. 
It has, moreover, the somewhat serious shortcoming 
of taking no account of the method of applying the 
stimulating electrodes, so that, even were all the other 
conditions met, the electrodynamometer would still fail 
to give wholly complete measurements. 

Our examination of the various systems hitherto pro- 
posed for measuring induction shocks bears out the 
statement made at the outset that none of them meets 
fully the requirements of quantitative work. We are 
justified therefore in submitting a system whidi, although 
not new, being an extension of the Fick-Kronecker 
method, attempts to deal with all the factors concerned 
in the production of faradic stimuli, so ihat henceforth 
the values of stimuli may be e^ressed in such terms 
that they can be diq>Iicated or modihed qoantitativety 
at win. 



CHAPTER m 
A SUMMARY OF PROCEDURE 

For the convenience of users of the method herein 
presented it has been thought worth while to describe 
briefly at the outset the various pieces of appjuratus 
used and to summarize the various procedures involved 
in making the necessary calibrations and in using the 
calibrated apparatus. 

Instroments Required for the Calibration. The in- 
ductorium to be calibrated should be of " standard " 
construction (see p. 88), that is, it should have a sec- 
ondary coil approximately 13 cm. long and having about 
10,000 turns of wire. The number of turns and the 
mean cross section of the secondary coil must be accu- 
rately known (p. 55). The slide upon which the sec- 
ondary moves should be not less than 30 cm. long. It 
should be accurately graduated in millimeters, and a 
pointer fixed to the secondarj- coU in such position as to 
stand at zero when the secondary is pushed completely 
over the primary. To increase the stimulating effec- 
tiveness of the instrument the primary coil should have 
a core made of a bundle of soft iron wires. 

In addition to this inductorium there is needed a con- 

^3 
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stant source of current sufficient in amomit to yield at 
least I ampere througti the resistance of the primary 
coil. Where a charging current is available, probably a 
good storage battery will be found most convenient as a 
source of current. Several Daniell cells in series, how- 
ever, answer every pur- 
pose. A good ammeter 
for measuring the inten- 
aty of the primary current 
is required, as is also a 
variable resistance for ad- 
justing its amount. Since 
it is often necessary in 
the course of the work 
to use currents ranging 
from o.ooox ampere to i 
ampere the ammeter must 
be able to cover this range. 
Ko instrument is, of 
course, able to measure 

Fig. s- Diagram sbowing ammrter the small currents with 

shunt made from a Porter metal- _ jc - * _ j 

,. , sumaent accuracy and 

contact lodaag key. _ -' 

at the same time to give 
direct readings for the larger ones. To give the 
ammeter the dearai range, therefore, recourse must be 
had to a system of shunts. I have found it convenient to 
use a mSammeter having a scale capacity of lo mil am- 
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peres and reading directly to o.i mil ampere, and to 
provide it with two shimts, one adjusted to cany nine- 
tentbfi of the total current, the other to carry ninety- 
nine one-himdredths of the current. For these shimts 
I use an ordinary Porter metal-contact rocking key 
connected as shown in the diagram, Fig. 5. For the 
^\ shunt, German silver wire is used between one 
pair of end contacts; for the ^^ shunt, copper wire is 
used between the other pair of end contacts. To cali- 
brate the shunts, resistance is introduced into the am- 
meter circuit until exactly o.oi ampere is flowing; then 
the shunts are adjusted until the ammeter reading is 
exactly o.ooi ampere, when the 5^ shxmt is in circuit, 
and o.oooi ampere when the 1^ shunt is in. The 
shunts must be recalibrated at frequent intervals, but 
this is not a difficult task. 

As a means of adjusting the amoxmt of primajy cur- 
rent flowing I have found a dial resistance box most 
satisfactory, although any available variable resistance 
can be used. The total resistance should not be less 
than 11,000 or 12,000 ohms, since with a source of cur- 
rent yielding 2 volts that amount of resistance is often 
nece^ary to cut the current down to the point where 
threshold stimuK are produced. 

For making and breaking the primaiA' circuit some 
form of automatic key is required. A satisfactory one 
is dracribed in Qiapter IX. Experience shows that trust- 
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worthy results cannot be obtained witJi a key which 
fails to g^ve uniform breaks. Unifomi makes are very 
desirable, but for many sorts of work, indading the 
routine of making the calibration, make stux^ need not 
be employed. 

All the apparatus thus far described is required for 
the quantitative use of the induction coil as well as for 
its calibration. Additional instruments needed for mak- 
ing the calibration are a good ballistic gal^momefjer and 
a standard induction apparatus. A satisfactory form 
of ballistic galvanometer is the d'Arsonval wall instru- 
ment with moving coil and reflected scale, read with a 
telescope. The standard induction ^iparatus can be 
made in any machine shop. It consists of a primary 
coil, at least 75 cm. long and composed of a single layer 
of heavy insulated wire, carefully wound, and a sec- 
ondary coil, not over 15 cm. long, of about 2000 turns 
of fine wire, placed exactiy at the center of tie primary 
GoiL The cross section and number of tarns per centi- 
meter of the primary coil must be known, and the total 
number of turns of the secondary. 

Additional apparatus required in the use of the in- 
ductorium, but not in the calibration, is, first, a device 
for determining tissue redstance, and, second, suitable 
stimulating electrodes. I have found the Kohbausch 
method of measuring resistance peifectfy satisfactory 
(see p. 72). This method requires an ordinary meter 
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bridge, a small inductorium to give an alternating cur- 
rent, a telephone receiver for an indicator and a resist- 
ance box. By suitable wiring, illustrated in Fig. 15, 
p. 73, a single resistance box can be used both for A-ary- 
ing the primary current and as the known resktance in 
the Kohlrausch determinations. 

The stimvdating electrodes must be selected with 
special reference to uniformity- of contact. Accurate 
quantitatix-e results cannot be gotten under conditions 
of contact \-ariation. For the direct stimulation of 
muscles I have found platinum needle electrodes most 
satisfactorj'. A piece of platinmn wire 2.5 to 3 cm. 
long, and 0.5 mm. in diameter, pointed somewhat at the 
end with a file, is soldered to a suitable length of ven,- 
fine copper wire (diameter 0.2 mm.). The platintim 
needle is thrust directly into or through the muscle 
tissue; the copper wire, carried to the secondary ter- 
minal, affords the ver\- flexible connection nece^ary for 
avoiding interference with the free movement of the 
muscle. 

For stimulating ner\xs the glass-indosed electrodes 
described by Sherrington * are as reliable as any I know 
of. Tliey answer well either for the stimulation of nerves 
deeply imbedded within the bodj-. or for stimulating the 
nerve of the ordinary ner\-e-muscle preparation. In the 
use of this form of electrode care must be taken that the 
* Sbariugton: Joor. of Hiysiol, 1909, nrvffi, p. 382. 
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interior of the ^lass tube is dear of liquid. The elec- 
trode is shown in fjg. 6; contact is made by rotating 
slightly the stopper carrying the two platinuin wires. 

For the determination of " spedfic " stimulation val- 
ues (see p. 76), a rather l^rge known redstance, tea 
thousand to twenty thousand ohms, must be arranged to 
be induded in the secondary drcuit as required. 




I^G. 6. Sodded dectrodes (SiexriiigtaD). 

The arrangement of apparatus for tnating the cali- 
bration is illustrated diagrammatically in Fig. 7. The 
procedure is by the following stqis, for each of whidi 
a page reference is given. 

1. Determination of the formula for core magnetiza- 
tion (p. 43). 

2. Determination of the mutual induction for a series 
of selected secondary portions from 12 cm. outward 
(p. 38)- 
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Fig. 7. Anangement o! .ipptvrjiu* £<«■ calibrating the inducto- 
rium. ,4, ammeter; B. battery-; c", juriiird coil; G, mh-auometer; 
/, inductcaium 10 be calibrated; IC, make and break key: P. apparatus 
Sot physiaiogical calibratjcm; Jv. lesistance boi; 5 and 5;, switches. 



3. Determination of the inductance of the secondan- 
coil ij,i. 5o\ 

4. Determination of ^ for the secondary positions 

whose mutual inductions have been established (p. 53^. 

5. Physiological corroboration of this calibration by 
the V, Fleischl method (p. 50 . accompanied by physi- 
ological determination of the " calibration numbers " for 
the inner second;m- positions (p. 58^. 

6. CcHOStruction of a curxe to establish oilihration 
numbers for intermediate secondary- positions ip. 50^. 

7. Determination of the constant C in the formula for 
make sho<±s (pp. 94 and 104^ 
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Fig. 8. Anangement of apparatus for the use of the qoantitatiTe 
method, i, batter>-; 2, resistance bos. in piimaiy circuit; 3, slide 
wire resistance for fine adjustment; 4, ammeter; 5, ammeter ^unt; 
6, make and break key ifith automatic short-circuiting device for make 
or break shocks; 7, inductorium; 8, resistance bos in secraidaiy drcuit; 
9, wires leading to stimulating electrodes. 




Fig. 9. View of apparatus in actual use. Significance of numbos 
is the same as in Fig. 8. 
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The arrangement of apparatus for the use of the 
quantitative method is indicated diagrammatically in 
Fig. 8. "Hie diagram is self-explanatory. As an addi- 
tional guide, a photograph of a set of apparatus in actual 
use is reproduced in Fig. 9. In the final chapter of the 
book \'arious precautions are described which much ex- 
perience with the method has su^ested. 



CHAPTER IV 

THE PHYSICAL HRIircn>LBS UlTDERLYIFG THE HEASUSE- 
MEHT OF BBEAK SHOCKS 

Helmholtz* appears to have been the first to study 
in detail break induction shocks. He established the 
principles which ace stQl accepted as to their formation 
and course. His work was chiefly from the physical 
stani^int, although he gave attention also to the physi- 
oli^cal aspect of the problem. More recently Fleming t 
has given a dear and concise discussion of break induc- 
tion shocks, his presentation agreeing in every essential 
particular with the earlier one of Hehnholtz. The fol- 
lowing statement is, in the main, condensed from Flem- 
ing's discussion. 

The Course of Break Induced Currents. The current 
induced in a secondary coil by the breaking of the 
primary current may be represented gr^hically by such 
a curve as is ^ven in Kg. lo, banning at zero, increas- 
ing rapidly to a maximum, and then falling more slofdy 
away to zero. If the break of the primary were abso- 

* Hdmhdtz: VoggaidxPs Annalen der Physik nnd CSseane, 1851, 
txxsfii, S. 536. Also, Ges. Abb., S. 459. 

f Flemmg: Tlie AStexaate Cnnent Tiansfooner, London, 1892, i, 
pp. 184 et seq. 

32 



THE MEASUREMENT OF BREAK SHOCKS 



33 



lutely instantaneous, the initial rise would be instan- 
taneous likewise and the secondary current would begin 
with its maxunum N-alue. Since, however, there is al- 
ways, even under most favorable conditions, a certain 
amount of sparking at 
the contacts, there is 
never an instantaneous 
break, and the initial 
rise is constantly 
present, Hehnholtz * 
demonstrated, with the 
aid of an ingenious ap- 
paratus, that the phys- 




FlG. nx Curve illustiatmg the couise 
at a break induced curroit — aiux 
nemiDg. 



iological ejffect of a break induced current is chiefly 
exerted by that part embraced within the ascending limb 
of the curve. By breaking the secondary,' current at 
\-arious pmnts in its course he found that the physiolog- 
ical effect was \Trtually as great when the current was 
brokaa at the moment of reaching its maximum intensity 
as when it was allowed to nm its entire course. Recent 
investigations carried out by means of short galvanic 
currents have shown, it is true, that the stimulating 
e£fecti\-eness of a shock is to some extent dependent as 
well iq>on the descending portion of the curve.! so that 

* Hdmhahz: Loc. at., S. 537. 

t GS^nebter: PflSga's Aidiiv for die gesammte HijTaQlogje, 
villi, 1910, S. 199. 
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Helmholtz' condnsiaii is not whoDy vafid. But at this 
stage of the discussioa we may ne^ect the effect of the 
descending portion of the curve, and proceed as thou^ 
the ascending limb were the sole determining factor. 

Since the chief physiolo^cal effect is exerted during 
the growth of the current this effect will be greater the 
higher the curve rises; in other words, the strength of 
stimiilus tends to be proportional to the maxnnum inr 
tensity of the induced current. In the diagram. Pig. lo, 
the TnayiTmim intensity is represented by the ordinate 
CB, drawn from the base line to the summit of the curve, 
and with the factors determining the value of this ordi- 
nate we are at present concerned. 

Hehnholtz showed that the induced current reaches 
its TnaYJTmiTn intensity at the instant the spark ceases to 
pass. The abscissa AB, therefore, represents the time 
occupied by the spark. In a propedy constructed ap- 
paratus AB will be constant. Helmholtz showed also 
that the value of the ordinate CB is {approximately 

MI '. 
equal to -y— > in which M is the nmtual induction be- 

tween primary and secondary, / the intensity of the cur- 
rent through the primary, and L the inductance of the 
secondary. If the bre^ were instantaneous, making 
AB zero, CB would equal the expresdon given above; 
it falls below that value more and more as AB increases, 
but so long as AB is constant the relation between the 
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MI 
true ^^ue of CB and the value -— ■ which it approxi- 

mates, does not vaiy. 

We may use the egression — -' therefore, as a physi- 

cal baas for the measurement of break shocks, although 
we must note that the espression will not serve fully, 
since the factor of secondaiy resistance is not included 
in it, nor is there any factor for the influence of the 
manner of apph"ing the stimulating electrodes. More- 
over, the espre^on is proportional to the strength of 
the stimulus only so long as the circxiit is broken imi- 
formly. The egression serx^es in our quantitative 
scheme, therefore, only as a starting point. Its use even 
so far is justifiable only if phydological tests confirm the 
appKcahility of the physical relationships. That the}- 
do so completely will be shown in due course. 

Our next stq> is a conaderatian of the individual 

MI 
factors in the egression —— and a discussion of the 

means whereby they are to be determined. 

Of the three factors which make up the expression, 
one, /, the intensity of the primary current, is an easfly 
measured dectrical quantity, and is best determined 
directly by means of an ammeter in the primary circuit. 
Hie other two, M and L, are functions of the construc- 
tion of the inductorium, dther bv itsdf or as modified 
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by file relative portions of the pmnary and seamdaiy 
coils. M, the mutual induction between the pnanaiy 
and secondary coils, varies mth changes in the position 
of the secondary relative to the primary, but is fixed for 
each position. It can therefore be determined once for 
each position of the secondary ccnl, and the values thus 
obtained used in all future calculations. 

Since mutual induction is the factor which varies 
with shifts in the position of the secondary cdl relative 
to the primary, most of the calibrations hitherto pro- 
posed amount in effect to determinations of the relative 
mutual inductions for the various secondary portions. 
That the stimulating power should theoretically be pro- 
portional to the mutual induction so long as the other 
factors remain constant is obvious from inspection of the 

MI 
expresaon — — That the proportion really does exist 
x# 

is proved by the e^>erimraital verification of the fick, 
Kronecker, and Edelmann calibrations, as well as by the 
experiments carried out in the development of the pres- 
ent method.* 

L, the inductance of the secondary coil, is a function 
of the construction of the coil and is therefore constant 
for any given inductorium excqpt as it is modified l^ 
extraneous influences. When the inductorium is used 

* Maitm: Amer. Jonr. of FhysuiL, 1908, xxS, p. 123. 
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vdth an iron core in the priniar5\ this acts to modify the 
value of L whenever the secondary coil is directly over 
the iron core. 

"Hie methods by which M and L are determined in 
practice are outlined in succeeding chapters. 



CHAPTER V 

THE DETERMIRATIOHS OF MDTnAL INDUCTION 
BETWEEN FRIMAB.T AND SECONDASY COILS 

Ijs determiDing the mutual induction for the various 

secondary positions advantage is taken of the fact that 

this factor appeals in the expression for the integral 

effect of the induced current. This int^ral effect is 

represented in the diagram (Kg- lo), by the entire area 

MI 
ABCD; its eiqpresaon is ^-» in whidi M and / have 

xt 

the same meanings as hitherto, and R equals the reast- 
ance in the secondary circuit. The int^ral effect can 
be measured by means of the ballistic galvanometer. 
For this p\upose the secondary of the induction coil 
under examination is connected in series with a good 
ballistic galvanometer and with the secondary of a 
standard induction coil, the latter apparatus being so 
constructed that the mutual induction between its pri- 
mary and secondary coils can be computed from the con- 
struction of the apparatus and the current through the 
primary. The special features of its construction are 
found in the primary, which is a solenoid of one-layer 
thickness, very evenly woimd, and sev^ul times longer 

38 
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than the secondary. The hnes of force through the 
secondary, placed at the middle of the primary, are then 
practically straight. The arrangement of the apparatus 
is shown diagrammatically in Fig. 7, 

The secondaiy- of the inductoriimi whose \"alues of 
M are desired is set successively at points i or 2 cm. 
apart. At each point the g;\lvanometer deflection 
caused by breaking a primary- current of known inten- 
sity is determined. Since each g:\h-anometer deflec- 
tion represents a certain integral effect, no matter how 
produced, and since the integral effect affords means 
of computing M. a determination of the intensity of cur- 
rent which has to be broken in the primarj- of the 
standard coil to produce these same deflections proAides 
all the data required for calculating the \"alues sought. 
The formula used for computing J/ is developed in the 
following manner: The expression for the integral effect 

MI 

IS. as stated above. — -- Let this represent the gal- 
it 

\-.uiometer deffection caused by breaking a current of 

intensity / in the primary of the coil whose values of J/ 

J/5 
are desired. Let the expression ——- represent the same 

JK. 

gah"anometer deflection caused by breaking a current of 

intensit\- 5 through the primary- of the standard coil. 

MI MS 
Equating these, we have^-= -^ — The method of 
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connecting the secondaries is, as stated previously, pur- 
posely such that the value of ^ is constant throughout. 
It therefore disappears from the equation and we have 
MI = M'S. The value of M' is computed from the 
construction of the standard coil according to the formula 
M' = 4 imNAS, in which n equals the number of turns in 
the primary coil per centimeter of length, X the total 
number of turns in the secondary coil, A the area of the 
cross section of the primary, and S the current through 
the primary in electromagDetic units. Since this current 
is measured in amperes, it is necessary in practice to 
call S the intensity of the primary current in amperes 
and divide the expression by lo to reduce to electro- 
magnetic units. The formula for M' then becomes 

4 irnNAS _, ,4 tttiNA . 

— The value is constant for any given 

10 ID 

standard coU, and once determined is substituted for 
M' in the equation MI = M'S. 

To illustrate the process of determining mutual in- 
ductions by this method, suppose the standard coil has 
the following dimensions: 

NambeF of turns in primaiy per cQitmieter. . . 5.4 

Total number of turns in secondaiy 1865 

Area of ccoes section of primary 6 sq. cm. 

4 imXA . 
The value of is 75.870, and the equation for 

mutual induction is M = ''" Now suppose that 
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with the secondarj^ coil at 12 cm. from the zero position 
the breaking of a primaiy current of o.i ampere gives a 
deflection on the galvanometer scale of 5, and that to 
secure the same deflection with the standard ccal a cur- 
roit of 6.8 amperes raiust be broken through its primary. 
Substituting these \-alues in the equation we obtain for 
if 5,150.000, By repeating this procedure the \-alues 
of M for e\Ten,- secondary poation can be obtained. 

MI 

If -=— is a true e^nession for the physiological effect 

<rf break shocks, evidently with L constant the product 
MI must also be constant so long as it represents a \mi- 
form stimulus, no matter how the value of M may be 
\-aried by shifting the seoandar>- cchI. Eq>eriment shows 
that MI does remain constant for a constant stimulus 
over the eatire field of the inductorium, except that, 
when an iron core is present, it A-aiies in the part of the 
field directly o\'er the iron core. This is the region in 
which, as stated in a former paragraph, the %-alue of L 
is affected bj" the presence of such a core.* 

H a constant stimulus gi\"es a constant \-aIue of MI, 
howe\~er the seoraidarj^ coil may be shifted, it follows 
that if / is made constant, — in other words, if a fised cur- 
roait is broken through the primary coQ. — the strengths 
<rf stimulus at differait secondarj* positions m\ist vary 

* Fee e^simaital evidaKs, see Itbuttm: Aiaer. Jour, of HiyaoL, 
190S, xm, p. 1.24. 
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diiecfjy as the vi^ues of M for those podtums. By de- 
termiiiing these values, then, we provide ourselves with 
a calibration which reveals accurately the efiFect on sfim^ 
ulating strength of shifting the secondary onL Such a 
calibration, as previously stated, is a necessuy basis in 
any scheme for the quantitative use of induction shocks. 



CHAPTER VI 

EEFECTS PRODUCED BY AN IRON CORE IN THE 
PRIMARY COO. 

Inasmuch as the almost iiniversal practice in physio- 
logical work is to use inductoria with iron cores, a brief 
discussion of the effects of such cores on stimulation 
strengths seems desirable at this point. Thus the 
method becomes at once applicable to inductoria with 
iron cores as well as to those not provided with them. 

The principal effect of the iron core is that which has 
led to its use, namely a great increase in the number of 
lines of force surrounding the primary coU, with a cor- 
responding increase in the intensity of the stimuH gen- 
erated. 

Another effect is that noted in a previous paragraph 
(p. 36), of altering the effecti^'eness of the stimuK gen- 
erated when the secondarv- coil is directly over the pri- 
mar>", so that in these positions MI is not constant for a 
constant stimulus. "Hie method of correcting the cali- 
bration for this effect of the iron core is given in Chap. 
Vm. p. 58. 

The iron core has also an effect upon stimulation 
stroigth due to its magHetmaUon by the primary current, 
an effect which appears, however, only when primax)- 
currents of conaderable intensity are used. Allowance 

■♦5 
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for this effect in conqmting the values of MI must 
be made, whenever / is large, by introducing a correc- 
tion factor. This factor can be obtained vdthout diffi- 
culty by the use of the ballistic ^vanometer, dnce the 
deflections of that instrument are affected by core mag- 
netization. Inspection of lie formula MI=M'S (p-40) 
shows that so long as M and M' remain constant, /, the 
current through the primary of the coil under examina- 
tion, must vary directly as 5, the current through the 
primary of the standard coiL This relationship is found 
by e^ieriment to hold in ordinary induction coils for 
values of 7 up to o.i ampere, but above that point the 
value of .S is always larger than the equation calls for. 
In other words, when core magnetization is present tlie 
primary current produces a greater deflection than it 
does in the absence of this effect. The variation due to 
the magnetization of the core is not very difficult to 
correct, because, as repeated experiment has shown, the 
ratio between the actual values of I and those computed 
from the values of S dq)end iqmn an easily determined 
factor which is constant for any given iron core. 

To determine this ^ctor some portion of the second- 
ary coil must be selected at which primary currents up 
to I ampere ^ve galvanometer deflections not greater 
than the entire scale. With the secondary in this posi- 
tion primary currents of increadng intensity, beginning 
at about o.oi ampere, are broken, and the deflections 
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pnxluced by each carefully noted. Then with the stand- 
ard inductoriiun the values of 5 giving these same de- 
flections are determined. Although at first the ratio 
of 5 to / remains constant, as the values of / begin to 
exceed o.i ampere the ratio steadily increases. It is 
evident, therefore, that large currents are producing 
relatively greater deflections than small ones. By mul- 
tiplying the different values of 5 by the ratio of 5 to /, 
which was constant, we obtain a series of computed values 
of 7 representing the cxirrents which would be required 
to produce the observed galvanometer deflections if no 
iron core were pr^ent. These are, of course, the \'alues 
of / which are to be employed in computing the strengths 

,.,.,. ^ .MI 

of stunuh accordmg to the expression —— • 

Table I, coliunn 3, gives the values of 7 computed 
from a series of observed \-alues of 7 and 5 in actual 

experiments. 

TABLE I 



Vaherffob- 

served ia am- 


VslneofSob- 
soved. 


Value of /coon, 
jmted ia am- 
peres. 


Ratio ooozip&ted 
■ralBerfltoiis 


Dedanal part 

of lajio divided 

by otoerred 

value of /. 


O.OI 


0.005 


O.OI 


I.O 




0.03 


0,035 


0.05 


I.O 





0. 10 


0.05 


O.IO 


1.0 





0-20 


O.I044 


o.joSS 


1-044 


.22 


0.30 


0.1597 


0.3194 


I-065 


.217 


O.4D 


0.31S0 


0.4360 


1.090 


-^^5 


0.50 


0.2-S2 


o.55£M- 


1-113 


.220 


0,60 


0.3396 


0.0702 


1. 132 


.22 
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To derive the equation for obtaining / computed when 
/ obsemed is known we detennine in a series of espen- 
ments the ratios of I computed to / observed (see column 
4 of the table). K now the dedmal part of each latio is 
divided by its corresponding value of I obsemed, a con- 
stant is obtained which represents the number by which 
/ observe must be multiplied to obtain this decimal part 
of the ratio. This constant is shown in column 5. 
After the constant is found it is used for caoqmting / 
according to the formula /, = 7o X (i + KJo). In. this 
formula Ic is the computed value of /, /o is its observed 
value, and K is the constant, — in the case dted in the 
table equaling .22. 

The method of correcting for the magnetization of 
the iron core is ^ven in detail since, in spite of the abun- 
dant theoretical justification for the omission of the 
iron core, especially where quantitative estimations are 
sought, for the practical purposes of the physiolo^t 
the inductorium as commonly used, with the iron core 
present, is usuaUy to be preferred. The intensity of 
stimulus, other factors being equal, is at least five times 
greater with the iron core than without it in inductoria 
of the usual type. This iucreased efficiency makes it 
possible to obtain with primary currents of moderate 
intensity as strong stimuli as the physiologist ordinarily 
requires. The use of moderate primary curroits is of 
great importance in quantitative estimations of indue- 
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tion shocks, dnce therebj^ is avoided that hea^■^• sparking 
at the contacts which always accompanies the break of 
a cxirrent of high intensity, and which affects the 
intensity of the stimulus in a manner that cannot be 
foretold. 

WTien the secondary coil of an inductorium is moved 
from the zero position imtil nearly dear of the primary 
coil, it enters a "critical r^on" where small changes in 
position are accompanied by great changes in the in- 
tenaty of the stimuli given by the instrument. The 
impression seems to prevail among phyaologists that 
inductoria haAing iron cores show so much greater \'ari- 
ations of intensity in this "critical region "' than do those 
without iron cores as to make the omission of the iron 
core a distinct adA~antage in many experiments. As a 
matter of fact, however, Kronecker inductoria, such as 
are used in most phy^ological laboratories, show for 
given changes in secondary poation in the '"critical 
r^on" greater \-ariations in stimulation intenaty with 
cores remo^-ed than with cores present. This is appar- 
ent when the Kronecker graduations of such coils are 
compared with the calibrations made for them by the 
method of the present work (see p. 55). In the prep- 
aration of the Kronecker graduations the iron cores 
were withdrawn from the instruments. For the cali- 
biations made in connection with this work the iron 
cores were in place. 
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TABLE II 

Effect <rf the Iron Core on the Rate of Change of Stimulaticm 
Intensity in the " Critical Region " <rf the IndnctorBnn 





boa core absent. 


Inn core 


pteseat. 


Positioa of sec- 










ondary in ceo- 
tixEKtecs. 


Knnecker 
gradjtatioo. 


Percentage de- 
crease per ceiti- 
xneter. 


Axtlur;scaK- 


PerrpHtagp de^ 

ccesse poroeatt- 

meter. 


8 


6190 




6240 




9 


5150 


17.0 


S340 


14.4 


lO 


4150 


19.4 


4SOO 


15-7 


II 


3250 


21.7 


3600 


20 


12 


237s 


27.0 


2640 


26.7 


3=3 


1570 


33-9 


1920 


27-3 


14 


1000 


363 


1270 


33-8 


IS 


62s 


37-S 


860 


32.1 


i6 


435 


30-4 


600 


30-3 


17 


310 


28.7 


4SS 


24.2 


i8 


230 


2S-7 


35° 


23-1 


19 


178 


22.7 


780 


20.0 



Table IE gives a camparison of the c^ibrations in the 
"critical reg^n" of one inductonum made without and 
\nih the iron core. The primary coil of this instrument 
was 14 cm. long. The table shows clearly that tiie rate 
of decrease of stimulation intensity from pcnnt to ptnnt 
is greater when the iron core is absent than when it 
is present. Table m is the record of experimoital 
verification of the same fact. Stunulation intmsities 
were compared in these experiments according to the 
V. FleJschl method (p. 56), namely by comparing the 
primary currents required to produce stimuli of equal 
value with the secondary coil at different poatioDS. 
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According to this method increases in the primary cxurent 
represent corresponding decreases in the stimulating 
efficiency of the inductorimn. 



TABLE III 

Experimental Proof that Stiniulaticxi Intensity shows Greater 
Variation in the "" Critical Region '" when the Iron Core is 
Absent than when it is Present. Break Shocks 





SB osnti- 


Iroai cure abssat. 


IroB core preseat. 


OKte o{ sperimeat. 


Piiij3Siy 


Pa- 
oestsse 


PirmsTT 


Per- 
oestage 




cnxreat. 


ifid^sse 




increase 




aiseSias. 


axaperes. 


rest. 




ICTt. 


Dec. 21. 1906 


S-o 


0.0195 




0,00187 






i::,o 


0.0505 


159 


0,00463 


i^ 




16,0 


0,260 


415 


0.0^:^ 


375 


Dec 24, 1906 


S.o 


0.00576 




o.oooS 






li.O 


0.01523 


164 


0.00197 


146 




16,0 


0.091 


43^ 


O.OOQ34 


374 


Apr. 15.100; 


S..- 


0.017 




0.0036 






11. ;S 


- 035 


107 


0.0063 


75 




1^-45 


0-°535 


50 


0.0093 


46 




14-0 


0,107 


100 


0.016 


74 




10.:^ 


o,itS5 


13^ 


0,034 


112 



CHAPTER Vn 

COMPARISON OF ORE COIL WITH AWOTHER — THB 
VALUE OF L 

We have seen (p. 41) that in any ^ven inductomim, 
after allowing for certain exceptions due to the iron core, 
if one is present, the strengths of stimuH produced by a 
^ven primary current with the secondary coil at various 
portions are directly proportional to the mutual induc- 
tions for those positions. When, however, the attempt 
is made to compare the stimuli generated by one in- 
ductorium with those produced by another, it is at 
once apparent that the relation between stimulating 
value and mutual induction holds only for stimuU pro- 
duced by the same instrument. This, indeed, was rec- 
ognized by Hehnholtz, who pointed out the necessity of 
including in the expres^on for stimulating value the 
factor L, whereby to take account of the influence of 
inductorium construction. This factor, according to 
Hehnholtz, is dependent on the induct^ice of the sec- 
ondary coil, and is to be derived, therefore, from the 
expression for inductance. The common formula for 

the inductance of a coil is Z. = — - — » in which L is the 

so 
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inductance of the coil, A its mean cross section, W the 
number of turns of wire composing it, and I its 
length. 

When, in the course of developing this method of 
measuring stimuli, the attempt was made to apply the 

above expression for L in the formula " — ' the curious ob- 

ser\-a,tion resulted that it apphed perfectly with some 
inductoria and not with others. That is to say. when 
equal stimuU were generated bj- means of different in- 
ductoria, equal ATdues of -— r- were given by some, but 

not by all, of the instruments compared. Upon analyz- 
ing the reason for the difference the following fact came 

MI 

out clearly; equal m/mcs 0/ -y- ^vrc gixn by those in- 

ductoria xchose sefondary caiis had tie same number of 
turns of wire per a^ntimdcr of IcngiJi, regardless of the total 
Humbcr of turns of wire; unequal ^lucs Tixrc given by 
tJiose inductoria ukose saimdaries had different numbers 
of turns per ceMtimeti^ of length. K we look now at the 

expression tor L given above, i.e., L = — - — ■ ana sq>a- 
late within it the factor of turns per unit of length, the 
expre^on reads J!. = -4n'X-r- The experimental re- 
sults showed as stated above that in all the inductoria 
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W 
having the same value of — » namely the same mnnber 

of turns per centimeter, the expression L = AW might 

be substituted for the expression L = — r — and equal 

MI 
values of -— for equal stimuli would be given. The 

next step was to see whether those inductoiia which for- 
merly gave non-concordant results would ^ve concordant 
ones if for the value of L the expression AW, namely the 
product of the cross section of the secondary by the num- 
ber of turns in it, were used. It was foimd that when this 
was done all the iaductoria examined gave for equal stim- 
uli corresponding values of — =-» r^ardless of the dimen- 

x« 

^ons of the coils, but subject to a certain restriction as 
to secondary resistance to be discussed later (p. 78). 
In order to bring this pcnnt out clearly some of the ex- 
periments upon which it is based are cited below (Table 
V). The iaductoria used are described in Table IV. 
In this table only those inductoiia are considered whose 
secondaries have different numbers of turns per centi- 
meter, since only by them can be determined whidi of 
the two expressions for L is correct. In all the es^/sa.- 
ments, comparisons were made between the various in- 
ductoria and a single one known as coil B. This is a 
large inductoiiTmi with a Kronecker calibration whose 
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^o 



secondarj- has 800 turns per centimeter; it was selected 
as a basis of comparison merely for convenience. 

In Table IV, columns 5 and 6, are given, for the differ- 
ent inductoria examined, the values oi L = AW and 

ATl'^ 
L = — - — To simplify the comparisons between the 

ATl'^ 
various coils the values of — - — as given in Table IV 

were all di\ided bj- 800, the nimiber of turns per centi- 
meter in the secondary of coil B, thus making the A-alue of 
L for coil B the same by either formula. These values 
are set down ia coliunn 7 of the table. To bring the 
final results into convenient denominations these figure 
and also these in column 5 were di\ided by 100. It is 
understood, of course, that these divisions, made purely 
for convoiience, in no wise modify the relations between 
the cmls. 

In Table V are set down the experimental results of 
the comparisons between the \"arious inductoria. Since 
details would onl3'^ confuse, they are omitted. The fig- 
uuces presented in the table show dearty that the proper 

AW^ 
esqtression for Z, k -4TT rather than — r — 
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TABLE IV 
Desciiptioa of inductoria used in establishiiig 



expressioDfor 1> 



CoiL 


Leogth 

ofsec- 

oodaEy 

cnO. 


cmL 


CsasBSBC- 

tiaaafsa:- 


CicGssec- 

tionXtcns 
insecoa- 


Crass sectioaX 

tens im sec* 


Odnna 6 
divided by 




leagth 


800. 


C 

P 
H 

N 


cm. 

13 
7-4 

13-5 
9-3 
9-3 


10,350 
4,830 
3,000 
6,000 
8,000 


Sq. GXQ. 

17-6 

22 

15-4 
16.6 
17-8 


l82,CX» 

105,000 
46,000 

iao,cxx> 
142,000 


145,000,000 
69,500,000 
10,250,000 
64,300,000 

122,500,000 


l82/XX> 

87/100 

I2,8nn 

80,000 

153,000 



TABLE V 
Demanstiating that tbe e^nession for 1. should be AWiaiber 

AW 



than- 



l 



f^B. 


CaO. 


MX 

AW 


AW* 
/X800 


m 

L 
cbUB. 


CoO. 


MI 
AW' 


MI 

AW* 

IXSm 


8 

12.6 
11.4 
28.2 

17 
2.6 

30.5 
64 


c 

F 
B 


7-7 
13 

II. 7 
28 
16.4 

2.8 

30.9 
61. 1 


4-5 
7-6 
6-9 

100 

57 
3-5 
38.6 
76.4 


7-5 

7 

5-3 

2-57 
30-S 
64 
10.2 

7-5 


H 

N 


7-5 

7-2 

5-3 
2-43 

28.6 

60 

10.4 
7 


9-4 
9 

6.6 
2.25 

26.5 

S6 
9-7 
6-S 



CHAPTER Vm 

THE PREPARATION OF A CALIBRATION SCALE FOR 
BREAK SHOCKS 

In previous chapters the methods of obtaining the 
indixidual factors making up the egression for break 
stimulation strength have been discussed in detail. To 
show how these methods are put into practice in pre- 
paring an inductorium for quantitative use is next in 
order. The nrst step is the determination of the mutual 
inducticHis by the method hitherto described, for a 
series of positions, preferably not m^ore than 2 cm, 
apart, along the scale. If the instrument to be cali- 
brated is without the iron core these measurements 
should be taken from the zero position outward; if an 
iron core is present there is no advantage gained by 
determinations of mutual induction for secondan." posi- 
tions in the region where the secondary coil overlaps 
the primary. Having determined these \"alues, each is 
divided by L. the product of the cross section bj' the 
number of turns of the secondary' coil. The mean 
cross section must be determined with great care, a 
rathCT difficult procedure in completed inductoria, and 
one T(diich ought to be carried out in cormection with 
their manufacture. 
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In order that the final stimulation units may be of 
convenient size the value of L wMch has been adopted 
in this sch^ne is not the direct product of the cross 
section by the number of turns of the secondary, but is 
that product divided by loo. Having determined this 
value, the mutual inductions previously established are 
divided by it. The resulting figures are the "calibra- 
tion numbers" for the particular secondary positions to 
which they apply. To determine the numbers for in- 
termediate positions those determined as above are plot- 
ted on a rather large scale on coordinate paper and a 
smooth curve is drawn connecting them. Since the 
mutual induction necessarily diminishes, not by fits ^id 
starts, but smoothly, as the secondary is moved out- 
ward, such a curve, if carefully made, will indicate the 
calibration mmibers for intermediate positions with a 
high d^ree of accural^. 

To prove the accuracy of the calibration the method 
of V. Heischl is employed (p. i8) in which the miniinal 
contraction of a frog's gastrocnemius is used as the index 
of a constant stimulus. In detail this procedure as earned 
out by myself was as follows: The freshly Elated gas- 
trocnemius was suspended by its attached femur in a 
moist chamber, and its lower end connected by a smaO 
copper wire to a muscle lever whose effective weight was 
about logm.; the muscle was not afterloaded. The lever 
had a magnification of about ten, and its point pressed 
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lightly upon a smoked drum. The minimal contraction 
could be detected without difficulty, since the whole appa- 
ratus was made rigid enough for the slightest movement 
of the muscle to show itself at the end of the lever. 
Connection between the muscle and the terminals of the 
secondary coil was by means of two platinimi needles 
soldered to fine copper wires leading from the secondarj^ 
terminals. These needles were thrust directly through 
the muscle tissue, — one about 5 mm. below its origin, 
the other the same distance above the distal tendon, 
both in the same vertical plane. By this method of 
connecting the muscle, variations in the secondary re- 
sistance aside from those in the tissue itself were avoided. 
At least half an hour was allowed to elapse after the 
muscle was hung in position before stimulation was 
b^un; in order that summation might not enter, the 
shortest interval allowed between successive stimuh was 
ten seconds; to avoid fatigue the strength of stimulus 
used was alwaj^s kept as near minimal as possible. The 
results of repeated experiments show that under these 
conditions a high degree of constancj' is usually main- 
tained during the interval, about three hours, required 
for a sin^e experiment. That each experiment be com- 
plete in itself is, of course, necessary*, since no means has 
suggested itself for obtaining a response which shall 
remain constant through a period of successive dajs. 
To have conditions imiform the electrode nearer to the 
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ori^n of the muscle was in most cases made the cathode. 
With the minimal contraction of the musde as the index, 
the primary current necessary to arouse it, measured in 
amperes, is determined with the secondary coil in various 
positions. To allow for variations in irritability of the 
tissue the experimeat should be repeated a number of 
times. K the calibration is carefully made in the be- 
ginning it will be foimd that in each individtial experi- 

M 
ment the product — X /, — primary current times caK- 

bration number, — is virtually constant, showing that 
the calibration is correct. 

Should the inductorium being calibrated have an iron 
core, there still remains the establishment of calibia- 
tion numbers for the re^on where the secondaxy coil 
overlaps the primary. These, however, can easily be 
determined by extending the e^)etiments, just de- 
scribed for proving the calibration, to cover this part of 

M 
the field. The v^ue of -— X / is established in any 

^ven e^)eriment from the part of the field where — is 

x« 

known, that is, where the calibration has already been 

worked out. Since this is constant so long as the stim- 

tilus is unchanged a determination of the primary current, 

M 
I, for this stimulus, in the re^on where -— is imknown. 
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\ields at once data for computing — ■ By averaging 

several expeiiments this part of the field can be cali- 
brated with sufficient accuracy. 

It must be stated, however, that in the innermost 
part of the field, including about half of the length of 
the primar\- cxal from zero outward, the cahbration nirm- 
bers determined by the v. Fleischl method will be found 
to differ somewhat according as the tissue used as an 
indicator has high or low resistance, high resistances 
showing larger calibration numbers than low ones. For 
this reason it is dearable to avoid using this region in 
work which requires a high degree of accuracy, unless 
a dlibrdtion has been pre\-iously worked out for the 
resistance actually to be employed. E:sperience shows 
that occasions when it is necessar\- to use the first 5 or 
6 centimeters of the scale are of rare occurrence in most 
kinds of esperimental work. 



CHAPTER IX 
THE MAgT?. ASD BREAK OF THE FBIUARY .CIRCDIT 

Feoh the beginning of the use of induction sho(^ for 
stLomlating living tissues investigators have recognized 
that the physiological int^isities of diese shoc^ are 
markedly affected by the manner of Tnaking or breaking 
the primary circuit. Hehnholtz* called attenticm to 
this fact in his study of indu(^ currents, and in the dis- 
cussion of the variable factors to be considered in the 
attempt to measure induction ^odks (p. 14), I pranted 
out that the manipulation of the primary key is a vari- 
able whose influence cannot be mathematically deter- 
mined, and whidi, therefore, must be made as uniform 
as possible. 

Before entering upon a discussion of means whereby 
the mmiipulation of the primary make and break key 
can be made mnform, it is desirable to point out briefly 
the manner in which variations in the break and make 
of the primary circuit modify stimulating intensities. 

In the account of the theoretical baas for the break 

M 

shock formula, Z = — I fp. 34), the statement was 

* Hetmholtz: VoggeodoiPs Annalfn der PlQrsik mid Qiome^ 1851, 
htxxm, p. S38. 

£0 
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made that this espressioii applies exactly only when the 
break is instantaneous, although it holds relatively so 
long as the tinie occupied by the break does not vaiy. 
Since this in ttim depends on the duration of the spark, 
our present inquiry resolves itself, so far as break shocks 
are concerned, into a study of the conditions governing 
contact sparking. 

The duration of the spark at a broken priniarj- con- 
tact dqpends in part upon the intensit},' of the primary." 
current, in part upon the amount of volatilization occur- 
ring at the contact, and in part upon the speed vrith 
which the points are separated. This last factor ex- 
plains why keys operated by hand cannot be depended 
upon to give tmifomi results, and why some form of 
automatic key is required, since only thus can a uniform 
^eed of sqiaration be secured. Moreover, ordinar},- 
mercur\- keys cannot be depended on even when oper- 
ated automatically, because of the tendencj' of mercuiy- 
when not absolutely clean to ding in drops and thus 
A-ar\- the speed with which the contact points actually 
separate. In practically all keys there is some volatil- 
ization; platininn contacts gi^iQg the least, ordinary 
mercmy- contacts the most. It is impracticable to use 
always primar\- currents of a single intensitx-; but, in 
primarv- currents not exceeding i ampere, the variation 
is too sBght to be of practical importance. 

The maktHg of a primaij" circuit is not attended with 



62 INDUCnON SHOCKS 

sparking, so that the sources of error for makes are not 
the same as for breaks. As a circuit is made the re- 
sistance falls from infinity to the re^tance of the closed 
circuit itself. It is during the change from the first of 
these resistances to the second that the secondary cur- 
rent is induced. The more nearly instantaneous the 
change, the greater is the physiolopcal intensity of the 
induced current. In hand-operated metal-contact keys 
there can be no assiurance that the contact points will be 
pressed together with the same firmness twice in succes- 
sion, so that to secure uniformity of contact automatic 
keys are required for make shocks as weU as for breaks. 
A further and more serious defect in metal-contact keys 
for make shocks is thdr liabihty to rebound slightly, or 
to sUp sidewise, thus giving not a single clean-cut make, 
but a succession of make, break, and make. So con- 
stantly has this defect shown itself in my experiments, 
even with carefuUy constructed automatic metal-contact 
keys, that I have found it necessary to use mercury con- 
tacts altogether in studying make shocks. 

The considerations stated above lead to the following 
conclusions: That hand-operated keys are not to be de- 
pended on for uniform m^es and breaks ; that for break 
shocks platinum contacts are to be preferred to mercury 
because of thdr less volatilization, while for make 
shocks, on account of the rebound or side-slip of metal 
contacts, mercury affords the only trustworthy contact 
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It is, of couree, wholly undesirable to equip the pri- 
mary circuit with two keys, — one of mercury to be 
used for making the circuit, and another of platinum for 
breaking it I shall describe, therefore, an automatic 
make and break key with 
mercury contacts which has 
been proved by several years' 
eq>erience to give imiform 
breaks and makes.* 

The key consists of a block 
of \Tdcanite 30 mm. long, 
20 mm. wide, and ^5 mm. 
deq), having cut in it two 
vertical chambers (see Fig. 
11), one (a) rectangular, 20 
mm. long, 8 mm. wide, and 
20 mm. deep; the other t^?'') 
cylindrical, 6 mm. in diameter 
and 20 mm. deep. A hole, c 
(Fig. 11), 3 mm. in diameter, 
is bored through from one of 
these ca\"ities to the other at 
a dqpth of about 16 mm. Each of the chambers is in 
electrical communication with a binding post, and when 
filled with mercury they are in electrical communication 
with each other through the connecting hole, c. 
* Martin: Am. Jonr. of PhyaoL, 1910, sxvi, p. iSi. 



Fig. II. Diagram illxistiatiiig 
the piincqile of the x-ulcanite 
knife-blade key. The front of 
the block is brc&en away to 
show the itlaticHis of the parts 
\dthin the chamber, a. a and 
h, mercury diambeis; c, opea- 
ing between a and h; i. vul- 
canite knife Uade su{^>orted 
tipcHi axis, «, which rotates 
within cellar, t. 
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A strip of vulcanite, d (Fig. ii), i8 mm. long, 8 mm. 
wide, and i mm. thick, flat on one side and on the 
other t^)ered toward the edges, is supported at the tap of 
the block by a horizontal rod working freely in a collar, 
e (Fig. ii), in such fashion as to press closely against 
the iimer surface of the cavity, a, and when rotated 
about its axis of support to cover or uncover the open- 
ing, c. When the vulcanite strip is brought over the 
opening, it cuts the mercury connection between cavi- 
ties a and h, and therefore breaks any electric circuit 
which may indude them. Tliis method of breaking a 
drcuit has many points in its favor. The break cannot 
be delayed through the tendency of mercury drops to 
cEng together, for the severance of the mercury column is 
not the withdrawal of one mass of mercury from another, 
but is the forcible interposition of a nonconductor in the 
path.* Moreover, the vulcanite strip cuts oft not only 
the liquid mercury, but if it fits tightly, as it should, cuts 
off as weU any mercury vapor that may be formed. 
Thus the effect of volatilization of mercury is minimized. 
Since the point where the break occurs is beneath a con- 
siderable depth of mercury, air does not have access to it, 
and oxidation does not occur. I have found, as a matter 
of fact, that the same mercury may be used in one of 
these keys for months without any appreciable vaiia- 
lion in the effectiveness of the break. 

* A device en^toyiag the same ptimiple was descnbed bjr Lonibaid 
in 1902: Am. Jour, of Ffayacd., 1902, vin, p. xx. 
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When the vulcanite strip is so rotated as to uncover the 
hole, r, the merciuj^ in the two anities reunites and thus 
makes the circuit. The reunion of the separated mer- 
curj' masses should take place as smoothly as possible. 
To bring this about, the \ijlcanite knife blade is tapered 
at the edges so that it may plough through the mercuiy 
with as little disturbance as possible. 




Ere. la. Diagram <rf the op^atiiig device for the knife-htede key: 
votkal viesr. u triangle ot brass bearing sKls, i;. j". and wings, sp, s-'. 
rotating about axis. <•; J, T, actuating ^^ngs; J-, i', le\-as for bringing 
teaaacn upoa sjaincs^ and at the same time q[>asiting rdease, i; "s. w'. 
stnffi for Bmitiiig motion of knife bbde. 

Tlie Operatmg Device. To secure uniformit\- of ac- 
tion the vulcanite blade must be operated automati- 
callv, hand operation bang liable to -vdde variations in 
the speed with which the contact is made or broken. 
The method adt^ted in this instrument is illustrated by 
the diagrams (Pigs. 1:2 and 13 V TTie axis of rotation of 
the blade, (Figs. 11 and i^^>. after passing through the 
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supporting collar, e (Fig. ii), is fastened into a trian- 
gular sheet of brass, / (Fig. 12), from whose apex pro- 
ject horizontdUiy two brass arms, w and vf; these are 

bent at right angles at 
tidr outer ends, as shown 
in Fig. 13. From the tip 
of each of these arms a 
coiled spring, I and V (Kg. 
12), extends down to the 
end of a lever, jfe and V. 
Eadi spring consists of 
twenty-seven turns of 
spring brass wire, 0.6 mm. 
in diameter. The length 
of the q>iing is about 16 
mm., and the outside di- 
ameter of the coil 5 to 6 
Fig. 13. Diagram of the openitiog ^^^^ ^^ depression of 
device for the knife-blade key; 

horizontal view. Significance of either lever puts the spring 
letters the same as in Figs, ii and connecting with it imder 
12. s, cavity in base for holding . 11:1 

short-circuiting device. tension and tends to draw 

downward the correspond- 
ing arm, rotating the vulcanite blade with it. To pre- 
vent movement of the blade until the spring has been 
put under a certain d^ree of tendon, two sKts, g and ^ , 
are cut into the lower edge of the triangle, /. A re- 
leasing device, i, is pressed upward against the lower 
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edge of / by a stout spring, in such fashion that when 
either sKt is engaged/ is prevented from mo\-ing. Each 
of the le\-ers, k and *•,' bears at its tip an arm, r, r' (,Fig. 
i^X which presses upon the releasing device, and when 
the le\'er is depressed to a certain point disengages it, 
allowing the blade to rotate. The amoimt of motion 
of the blade is limited by setting two posts, m and w'. 
at such positions that the lower apices of / strike them 
when sufficient movement has occurred. 

After experimenting with various operating dcA'ices the 
one described above has been adopted as combining the 
greatet number of desirable features with the fewest 
defects. The two levers, k and it', which are depressed 
alternately for making and breaking the circuit, are so 
placed as to lie naturally imder the first and second 
fingers of either the right or the left hand. The springs. 
/ and t, need not be stiff, hence Kttle pressure need be 
exerted upon the le\-ers, and there is corresponding^ 
little fatigue from continuous operation of the key. 
The springs are brought under tenaon only during the 
use of the instrument; when it is not in use. they hang 
free. Thus their stiffness does not ^"ar^• with the lapse 
of time, as would be the case were one or the other under 
constant taosion. 

The Short- cimuiUn g De'rice. A desideratum in any 
kev which is to be used for stimulating tissues with single 
induction shocks is a deAice for short-circuiting auto- 
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matically dther the make sh(x^ or the break sho(^ at 
the will of the operator. The instrument nnder con- 
sideration lends itself so readily to the incorporation of 

such a device that I shall 
include a brief descrijH 
tion of one, believing 
that the value of the key 
is enough enhanced 
thereby to justify its 
inclusion. The entire 
mechanism, shown in 
grotmd plan in Fig. 13, 
is mounted upon a slab 
of vulcanite, which in 
turn rests upon a base 
of so^>stone, slate, or 

other suitable materiaL 
Fig. X4. Diagram of the short- __ 1 -. - 

drcriting device. *, bra^ to, ^he vulcamte IS cut a- 
rotating horizcmtally about asis, way between and under- 

„ and b^ merany cup, o, ^^^ ^^ j^^ j ^^d 

whidi IS in electncal commmii- 

cation vrith post, p. z, s', piatinom « t as indicated at S (Fig. 
pins moimted upon levers, k, V, 13), A brasS rod, i 
and in electrical commniiicatioa /-r-,. ^ • , , 

(Fig. r4), IS mounted 

tipon an axis, «, in such 

fashion that it can be rotated horizontally about this axis 

within the confines of the space, 5. At the end of the rod 

is a mercury cup, o. Two binding posts, p and p' , stand 




with post, ^. 
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at one margin of the base. From p a wire leads through 
the body of the vulcanite block to the rod, /, to which it 
is soldered near the axis of rotation of the rod. From 
p' two wires are carried through the block, one to the 
axis of rotation of the lever, it, to which it is soldered, the 
other to the axis of k\ where it is soldered likewise. 
Thus both levers are in electrical connection with the 
post, p\ and the rod, /, in similar connection with the 
post, p. Soldered to the levers, k and h', at the points, = 
and s', are pins of platinum projecting downward. These 
pins are so placed that the mercury cup, o, can be 
brought directlj- below one or the other of them according 
as f is rotated. Their length is so adjusted that the pin 
dips into the mercuuy- when the lever is depressed enough 
to release the mechanism, but is clear of the mercury at 
all other times. 

If the binding posts, p and />', are connected in parallel 
into the secondar\- circuit of the inductoriimi and the 
rod, t, is rotated so as to bring the mercur>^ cup below the 
lever which is pressed when the priman- drcuit is made 
(the left-hand one in this instrument) the make shoc^ 
are all short-drcuited. Bringing the mercurj- cup be- 
low the other lever short-circuits all the break shocks. 
WTien the rod is placed in an intermediate position, 
neither makes nor breaks are affected. To prevent all 
possibility of accidental diveraon of the secondarv- cur- 
roat into the hand of the operator, vulcanite shields are 
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placed on the levers at the points where the fingers press 
upon them, and upon the handle by which the rod, t, is 
rotated. 

In addition to its applicability for both make and 
break shocks this key has the advantage of preserving 
uniformity of action for a long time with Httle attention. 
In this respect it is superior even to platinum contact 
keys, which, as is well known, suffer from oxidation 
after prolonged use. There is no doubt, however, that 
weU made automatic platinum-contact keys, properly 
looked after, give break shocks of sufficient uniformity 
for the general purposes of the physiologist. 



CHAPTER X 

THE INFLUENCE OF SECONDARY RESISTANCE AND OF 
CATHODE SURFACE 

In the preceding chapters the scheme for measvtring 
break shocks has been developed to the point where it 
becomes necessary to turn from the induction apparatus 
to the ti^ue to be stimulated and to inquire how varia- 
tions in the tissue may modify stimulation strengths. 
Two possible modif5"ing factors have been indicated 
(p. 14), as due to variations in the tissue; they are sec- 
ondary resistance, and the manner of applying the elec- 
trodes. 

The Relation of Tissue Resistance to Secondary Re- 
sistance as a Whole. The secondary,' circuit usually has 
a comparatively high resistance. ^Most inductoria ttsed 
in physiological laboratories have secondary coUs with 
resistances mounting into hundreds of ohms, and the 
resistances of the tissues undergoing stimulation are 
usually high likewise. In numerous determinations of 
the resistance of stimulated tissues I have met with only 
one or two under 1000 ohms and have found many ex- 
ceeding 50,000 ohms. 

Since the stimuli imparted by faradic currents as 
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well as by those of galvanic origin arise from the cath- 
ode,* Mid since the reastance of the physiological 
cathodes miist be small in comparison with that of the 
whole mass of tissue traversed by the current, we are 
justified in considering tissue resistance as external to 
the actual seat of stimulation, and need make no dis- 
tinction between this and the other resistances that may 
be included in the secondary circuit. 

The Method of Experimentation. In studying the 
influence of secondary redstance experimentally the 
usual procedure has been to introduce known, non- 
inductive, resistances into the secondary circuit and to 
observe the effect of their introduction upon the stimu- 
lating value of the shocks sent throiigh the circuit. As 
a check upon this method some ei^jeriments were per- 
formed iu which different amounts of tissue were in- 
cluded between the stimulating electrodes, and thus the 
reastance of the tissue itself was varied. This latter 
method is of course less certain than the former, since 
the inclusion of more or less tissue in the circuit may mean 
a variation in the number and irritability of the physio- 
logical cathodes involved. 

Tissue resistances were determined by means of an 
ordinary Wheatstone bridge according to the Kohl- 
rausch method, with an alternating current to avoid 

* Cbauveau: Journal de la pfayadogie, 1859, H, pp. 490, 553. See 
also Biedennann: Elektrophysiologie, Jena, 1895, ii, p. 622. 
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polarization, and a tdephone in place of the galvanom- 
eter. Figure 15 is a diagram of the apparatus required. 
The average of three readings was always taken. This 
procedure, in the hands of one experienced in its use, 
gives resiilts accurate within 4 or 5 per cent, a degree 
of accuracy sufficient for the purposes of this inquiry. 




Fig. 15. Diagiam of ajqiaratus for measuring tissue resistance. A, 
WheatsKme bridge; B. tdephone; C, small induction coil; D, battery for 
same; E. key for same; T, wires leading to tissue; R, resistance box con- 
nected with switch. 5, in such fashion as to be available for use as 
known reistance of Wheatstone bridge, or as part of primary circuit, P. 

Break shocks were used for deter mining the threshold 
of contraction. The expression for the value of the 

stimulus is Z, determined from the formula, Z = —I. 

The Effect i^on the Stimulus of Varying the Sec- 
ondaiy Resistance. The effect upon the \^ue of Z of 
\-arying the secondary- resistance is shown in two repre- 
sentative experiments cited in Table VI. As appears 



74 INDUCTION SHOCKS 

TABLE VI 

The Influence of Secondaiy Resistance iqxm the Stimnlatnig V^aes of 
Induced Cmroits 

Experiment of Dec 15, 1909. Resistance ct Secondaiy Cral = 1400 
dims; ci Tissue = 1700 ohms, l^sue = Frog's Gastiocnemias, 
Uncnraiized. 

Resistance in seomdaiy 

dicnit 3100 6100 10,100 15,100 ig,ioo 

ValueofZ 4.96 6.81 9.45 12-45 M-^ 

Kigxriment of March i, 1910. Resistance of Secondaiy Coil = 1400 
ohms; of Tissue = 16,600. Tissue = Frog's Saitorius, l&icma- 
rized. 

Resistance in secondaiy ciicuit.. 18/xio 28,000 48/xio 68/x» 
ValueofZ 3.97 5.24 6.8 9 

from this table, stronger stimuli are required to produce 
a given physiolo^cal effect when the secondary resist- 
ance is high than when it is low. That there is a defi- 
nite mathematical relationship between the effective- 
ness of the stimulus and the secondary resistance is 
shown by plotting these values as a curve. Sudi a 
curve for the first experiment of Table VI is ^ven in 
Fig. 16. It is virtually a straight line having the gen- 
eral equation 

^= A ' W 

in which Z is the intensity of the shock required at re- 
sistance R to produce the desired effect, and p and A 
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are constants. This formula has been found to hold 
in all of the several himdred experiments, in which it 
has been applied. The value of the constant fi in any 
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Ftg. 16. ShoTring that the curve <rf increaang sdmulus against 
, iDCxeasing resistance is a straight Hne. Absdssse repn^ent T?alues of Z; 
<Mrdinates re^s^esent leastances in <^i2jqs. 



given espeiiment can be determined geometrically by 
producing the curve to where it cuts the ordinate for 
zero resistance. According to Fig. 16, the value of fi 
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for the experimeiit of Table VI from which that curve is 
derived is 3. Since this represents the value of Z, whose 
effect at zero resistance would eqiial that of the various 
other values of Z at their respective resistances, it 
affords a measure of the irritabiUfy of the physiolo^cal 
cathode where the stimulxis actually arose, on the as- 
sumption that the resistance of the cathode is neglig^ly 
small. We have, therefore, in ^ an egression for the 
value of any stimulus as it affects the seat of actual 
stimulation, nMnely, the physiological cathode, irre- 
spective of the resistance of the secondary circuit. 

By a slight transposition of equation (i) the equation 
for j8 becomes: 

ZA 

. ' = rTa' (^) 

and if the value of Z for any secondary resistance is 
known, the actual or "specific" stimiilus can be calcu- 
lated from equation (2), provided only the value of the 
other constMit, A, is known. For measuring stimuli 
with reference to the resistance through which they are 
applied there must be added to the determinations 
previously required, therefore, not only the secondary 
resistance, but a constant A. 

Current Density an Important Factor. That the stim- 
ulating effectiveness of electric currents varies with their 
denaty has long been recognized,* although practical 

* Biedezmann: Loc. dt., x, p. 185. 
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application of the fact has hitherto been reserved for 

galvanic stimulation. The expression for /3 shows that 

current density is a factor to be taken into account in 

measuring faradic stimuli as well. 

Z4 
The factor A in the expression /3 = — is the pro- 
It -1- ^ 

x-ision by which allowance is made for the influence of 
current density. The stimulating effectiveness of dense 
currents is greater than of diffuse ones. In order that 
the expression for fi agree ^ftith this fact the value of A 
must increase as the density of the stimulating current 
increases. Experimental e\-idence showing that .1 is 
actually larger for dense currents than for diffuse cur- 
rents is contained in an experiment cited on p. 109, 
Chap. Xn. 

I do not know of any rehable method of determining 
the ^■alue of the constant, A, other than that \ised in 
this work, namely to estabhsh experimentally two or 
more values of Z for different secondary' resistances, 
and from th^ \-alues compute the \-alue of A. This 
can be done by means of the equation 

A = -^ ^r— ' (3) 

in which Zg and Z« are the stimuli required, with re- 
sistances R and jR' respectively, to produce the minimal 
contractions used as the index. 
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The Dependence of Factor A upon Inductorium Con- 
struction. In discussing the method of comparing one 
inductorium with another by the introduction of the 

MI 
factor L in the e^res^on Z = —i-' it was stated (p. 52) 

that this comparison is subject to a certmn restriction as 

to secondary resistance. This restriction rests upon an 

observation of Gildemeister,* according to which, if two 

dissimilar inductoria are compared quantitatively by the 

method outlined here, in which the espresaon for the 

M 
value of a stimulus is Z = — X /, it will be foimd that 

although equal stimuli may yield corresponding values 
of Z from the two inductoria, with certain secondary 
resistances, when other secondary resistances are used 
equal stimuU wiU not give corresponding v^ues of Z. 

In earher paragraphs of this chapter it was pointed 
out that the true or specific value of a stimiilus is not 
afforded by the expression Z, but by the expression ft 
which depends not only upon Z but upon the secondary 
resistance and a constant A as well. The determination 
of ^, as previoiisly shown, is according to the formula 
_ ZbR —Zb'R 
Zb' — Zs 

in which Zr and Zg. are stimuli which, with redstances 

* GSdemeister: Ardiiv fur die ges. Physiologie, 1910, Bd- 131, 
S. 604. 
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R and l?* resf>ectively, have equal phj'siological effect. 
Since dissimilar inductoria fail to give corresponding 
values of Z at all secondary resistances, the value of A 
detennined by this formula from one inductorium will 
not necessarily agree with its value as obtained from 
another. The value of A, therefore, does not depend 
solely upon the surface of the phj^siological cathodes, 
but in part also upon the construction of the inducto- 
rium. 

Hiis variation in the values of A determined from dis- 
similar inductoria, which might lead one to question the 
validity of the equation in which A is employed, i.e., 
ZA 
R+A 

ity of that equation and the use of the expression fi to 
signify the g)ecific ^-alue of the stimulus. This con- 
firmation rests upon the repeated observation that when 
equal stimuli are generated by dissimilar inductoria the 
values of ^ are equal even though the observed values of 
Z and the computed values of A may be quite divergent. 
An e^)eriment illustrating this point is simmiarized in 
Table \JI. Details of the construction of the induc- 
toria used are given in Table YIIL. The experiment 
shows that ' dissimilar inductoria give for equal break 
stimuli perfectly concordant values if all the factors 
which make up the final expr^sion for stimulation 
strength are taken into account. 



(3 = J, , J, ' serves in fact to confirm strongly the ^■alid- 
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TABLE VII 

Demonstrating that Equal Stimnli give Eqnal Vabies of ^ in 

ZA 
the 'BiOiaaia.oa fi = _ . » whoi the Stimnli are gai^ated by 

Dissimilar Indnctoria 





H. 


N. 


B. 


First sec. resistance 

First Z 


8,850 ohms 

0.76 
25,500 ohms 

X.60 
6,200 
0.31 


9,000 ohms 

0.604 
25,600 ohms 
1. 18 

$.400 
0.292 


0.588 
26,400 ohms 
I 06 


Second sec. resistance 

Second Z 


Calculated A 


10,800 

0.308 


Calculated P 





Tlie differences in secondaiy resistance in umes tiondiEg colnmns ace 
dne to the diSeroit reliances ai the secondary coils, it bdi^ necessary 
to indude these reastances as part ci the secondary drcoit. 



TABLE Vni 
Details of Ccnstmction of tiie Inductoria used in this Stnify 



CoO. 


Leagthof 
secondary. 


TnrasiasEc- 
oodazy. 


Reastaaoe 

ofsecoad- 

ary. 




A 


cm. 
12.5 


10,000 


850 


j Kronecker 
t gradnatioo 


B 








(Exonecker 
( gradnatioD 


13-0 


10,350 


1400 


G 


13-0 


10,260 


770 


{ EronerlcfT 
( giadnatiaa 


E 


6-S 


5.000 


300 


Porter indnctorinm 


H 


9-3 


6,000 


45° 




N 


9-3 


8,000 


600 





Conditions in v^ch fhe Specific Stinuilas need not 

ZA 



be determined. While we have in tie famrala^ = 



R+A 
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a means o£ espressing the specific \'alue of any break in- 
duction shock, no matter how the factors concerned in 
its production may \'ar\-, we must recognize that in the 
ordinan,' practice of the physiologist the attempt to 
make use of this formula presents ver},- considerable 
difficulties. These difficulties, moreover, are chiefly in 
coimection with the inclusion of the factors R and A, 
and we may well inquire how great errors are likely to 
arise in comparing faradic stimuli if these two factors 
are completely disregarded. 

We must realize at the outset of this part of our in- 
quiry that if comparisons are attempted between stimuU 
used \mder conditions of widely ^'ar^ing secondar\' re- 
sistance and di\'ergeiit cathode surface, disregard of 
these two factors is sure to lead to erroneous conclu- 
^ons; but probably in a majority of physiological 
experiments the stimuli to be compared are produced 
imder conditions which tend to be closely similar. With 
r^ard to such cases as these we may properly inquire 
whether the factors under consideration need be taken 
into account. 

SuccessiTe Stimulation of tiie Same Tissue. Prob- 
ably the e35)eriinents in which accurate comparisons of 
stimuli are most needed are those in which a given 
tissue is to be stimulated successively. But in experi- 
ments of this dass ndther the tissue resistance nor the 
dectrode surfaces undergo noteworthy \-ariation during 
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the course of the espenment and so do not enter as 
modifying factors. 

Stimulation ui Corresponding Tissues in Different 
Animals. Nert in importance are cases in whidi it is 
dedred to impart comparable stimuli to corresponding 
tissues through a series of e:q)eriments. Cases of this 
sort arise frequently in the course of physiological re- 
search, and I have dieref ore given them spedal conad- 
eration. 

While this subject was before me there was bdng car- 
rial on in the laboratory at Harvard an investigation 
which involved, ^nong other things, .determining in a 
series of cats the threshold stimulus for producing ex- 
tendon of the wrist, when the stimulus was applied to 
the de^ branch of the radial nerve below the elbow; 
and reflex flexion of the hind leg through stimulation of 
the tibial Here was presented a tyjncal exanqile of the 
class of experiments described in the paragr^h heading, 
and I therefore utilized it in the study of my problem. 
In several cases the threshold stimulus was determined 
when the tissue only was in the secondary circuit, and 
immediately afterward, the threshold when an additional 
resistance <rf 10,000 ohms had been introduced. I was 
thus able in these cases to conqmte the value of the con- 
stant A, and from it to obtain the solution of the equa- 

ZA 

tion for "sped&c" irritability, p = — -■ In the ss.- 

K ■\- A 
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periments of this series, ten in aJl, the secondarj- re- 
sistances ranged from 2800 ohms to 6000 ohms, averag- 
ing 3900 ohms. The values of A ranged from 4300 to 
14,000, averaging 7800. The statistics for this series 
are given in Table IX. 



TABLE IX 

mastrating the Toideaicy of ff and Z to vary similarly in Direc- 
ticm and Extent. Z represents the Stimnlus producing Just 
Perc«5)tible Wrist ExtensitHi in Cat. Stimuhis applied to 
Deep Branch of Radial Xer\-e 



Date, 1910. 



ccmdary 

s£^aaoe. 


Valw<^.4. 


Value 
oiZ. 


Viire 


Ratio 

z' 


6000 


7500 


2-77, 


J-54 


■56 


4400 
4&>o 


5000 
Sooo 


o-io| 
3-S4 


I. - 
2-4 1 


53 
.62 


3400 

.IJOOD 
4600 
2S0O 


7S00 
9S00 
9600 

4600 


4-3- 
5-5-2 
. 6,05 
-5-4 


3-0 ! 

4.22 

4-08 

15-S i 


7° 

'6S 
.62 



Ang. S 
jBly 2S 
Ang- 5. 
Ang. 3. 
Aug. 9. 
Ang. a. 
Aug. 17 



As Above exc^t that Stinmlns was applied to Tibial Xer\-e, and 
Reflex Flexion of Hind L^ was Movement Evoked 




Inspection of the table reveals a definite tendencj- of 
P to \-ar\- as does Z. The dosene^ of this tendency is 
brau^t out more strikingly, however, in Fig. 17. in 
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which the ratios of j3 to Z ia successive experiments are 
plotted. The horizontal line r^resents tie average 
ratio oi P to Z as detennined in these esperiments; the 
variations from this line of the different actual ratios 
are, as is seen, relatively inconsiderable, the greatest 
being 18.5 per cent, the average of all slightly under 
II per cent. 

Assuming the data dted in Table IX to be fairly rep- 
resentative of the relations between /S and Z that are 



Ot9 



Exp.l 2 3 4 



10 



Fig. 17. mastratiiig die idativdjr sli^it depaitmies of individnal 
latios of |3 to Z fiom the average. Oidinates r^iesest suixessive ex- 
peiiments; absdsss lepiesoit latios of ^ to Z. Hie faorizraital fine 
is diawn at the level of the average ratio. 



likely to occur in expenmeots of the sort imder consid- 
eration, to what extent are we justified in such eq>eri- 
ments in maTnng use of the values of Z for espresang 
quantitative relationships? 

The figures show clearly, I think, that all excq)t the 
finest relationships are revealed with sufficient exactness 
by the values of Z. While one cannot always know cer- 
tainly, in cases in which several nearly equal values of 
Z are under comparison, which will give smaller and 
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which larger values of P, yet, if the e35)eriineiits are 
carefully p>erfonaed, one can be practically certain, 
whenever the values of Z differ by more than 15 or 18 
per cent, that the larger Z means also a larger /3. With 
this degree of accuracy assured, probably the demands 
of most researches of this dass are fully met, and aU 
such may safdy disr^ard both the secondary resistance 
and the cathode surfaces. 

Differing from the seri^ of e^>eriments quoted above 
in that they offer wider variations in both secondary 
resistance and electrode surface, and therefore greater 
likelihood of error if these factors be disr^arded, is a 
series of observations on frogs' gastrocnemiiK musdes, 
carried out by myself. 

In the series of eighteen experiments dted in Table X 
the secondary- resistances ranged from 3100 to 13,000 
and the \-alues of A from 2600 to 13,500. Yet, in spite 
of these wide ranges in the %'alues of the factors deter- 
mining the relation of Z to P, this latter relation varies 
to a surprisingh- moderate d^ree. The average ratio 
of ^ to Z is -49- Tlie widest departures from this are 
ratios of .32 and .64, amounting to 35 per cent and 31 
per cent reg)ectively, while the average variation is only 
15 per cemt. If the experiments of Table X rq)resent 
fairly the \Tiriations in secondary reastance and cathode 
surface Kkdy to be met with in eq>eriments on frogs' 
gastrocnemii, we can safdy condude that the x^ahi^ of 
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Z, obtained in any such experiment, rq>resent the true 
relative values of the stimuli used within one-third. 



TABLE X 

Illustrating Tendency of Z and ^ to vacy together, 
trocnemii stimulated directly 



Frogs' Gas- 



Date. 



Secondary 
resistance. 



ValneoCil. 



Vahe 
diZ. 



Vahe 
of p. 



Ratio 

z- 



Feb. 24, 1910... 
Oct. 28, 1909. . . 
Dec. IS, 1909... 
Jan. 19, 1910. . . 
Feb. 17, 1910. . . 
Feb. 24, 1910. . . 
Feb. 18, 1910. . . 
Jan. 31, 1910 . . 
Mar. 7, 1910 
Feb. 18, 1910 
Nov. 18, 1909. . 
Feb. 10/1910.., 
Jan. 31, 1910. . . 
Dec. 13, 1909... 
Jan. 31, 1910. . . 
Feb. 18, 1910. . . 
Feb. 17, 1910. . . 
Nov. 4, 1909. . . 
Average. 



S.400 
6,500 

3.100 
8,400 
6,800 
6,400 
S.ooo 
11,400 
5.400 
S.Soo 
7.700 
13,000 
10,400 
S.ooo 
6,200 
S.ooo 
6,000 
3,200 



6,900 
6,000 
S.ooo 
4,800 
7.500 
4.200 
4,800 

13.500 
4,800 
5.500 
4,200 
6,000 
9,000 
5.000 

io,soo 
4,800 

lo.soo 
2,600 



6.12 
6.24 
II. 9 
12.2 
12-35 

12-S 
12.7 

12-95 

14.6 

14.6 

15-35 

16.8 

19-2 

19.9 

22.1 

22.8 

24.7 

41.5 



3-4 

3-0 

7-35 

4-45 

6-5 

4-95 

6.2 

7.0 

6.86 

7-3 
5-40 
5-30 
8-90 
9-96 
13-9 

II-2 

15-7 
18.6 



-56 
-48 
.62 
-36 
■52 
-40 

-49 
-54 
-47 
-50 
-35 

-46 

-50 
-63 
-49 
-64 
-45 
-49 



In a series of ten experiments on frogs' gastrocnemii 
stimulated through the sciatic, with resistances ran^ng 
from 6300 to 38,000 ohms, and values of A from 6000 to 
23,600, the ratio of ^ to Z averaged .48, and the widest 
variation was a ratio of .28, amounting to 42 per cent, 
the average variation being 20 per cent. In the experi- 
ments dted in the two series above no attempt was 
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made to keep conditions of tissue resistance and cathode 
surface appnmmatel}- uniform. On the contrary, these 
conditions were purposely made to vary widely from one 
e^>eriment to another. I feel, therefore, that they cover 
the range of \-ariation likelj- to occur in ordinary experi- 
mentation. 

These data seem to me to show that in the hands of 
a careful experimenter, who will take pains to keep his 
conditions of stimulation as uniform as possible, quanti- 
tative results of great value may be obtained without the 
labor involved in taking account of secondary- r^istance 
and cathode siirface. By the use of the method out- 
lined in previous chapters the strengths of stimuK em- 
ploj'ed in any given case may be expressed in terms of 
stimulation units, and if the conditions of experimenta- 
tion, such as the nature of electrodes used, distance be- 
tween them, and method of apphing them, are carefully 
described, other experimenters can duplicate the stimiili 
very closely. Certainly this method allows comparkons 
of much greater accuracy than can be made by the ex- 
isting methods of describing stimuli. It is highly im- 
portant, however, that investigators attempting to use 
induction shocks quantitatively recognize fully the limi- 
tatirais upon accuracy which are involved in disr^ard- 
ing the factors imder discussion. So long as there is no 
^ort to draw conclusions which are not warranted by 
the d^ree of accuracy actually obtained, no harm wiU 
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be done, but wherever the occasion exists for a high 
degree of accuracy in determining stimnh, secondary re- 
sistance and cathode surface must be taken into account. 

A Standard of Inductorium Construction Necessary. 
In connection with this discus^on of the circuinstances 
in which the factors of secondary resistance and cathode 
surface may be disregarded, we must not forget that the 
structure of the inductorimn is interwoven with the 
factor of cathode surface (see p. 78), in such fashion 
that the latter cannot be left out of account without 
error imless the former has been provided for. This pro- 
vision is best made by adopting a standard of inducto- 
rimn construction and using for quantitative purposes 
only instruments conforming reasonably to it. Thus we 
become at once independent of inductorium structure 
as a compUcating factor, and are free to measure stimuh 
in many cases in the simpler manner discussed above. 

The desirabihty of having a standard of inductorium 
construction for physiological and dinical use was recog- 
nized fully thirty years ago. In an attempt to establish 
one the Paris Electrical Congress of 1881 resolved at its 
sesdon of September 28th that the form of inductorium 
at that time in use in the University of Berlin should be 
adopted as the standard.* 

* See Lewandowski: Elektrodiagnasdk tmd ^ektTotha3{He, Wkn 
and Leipag, 1887, S. 212. Also Hoorweg: Die medidnisdie Elektio- 
tedmik and One phyakaliscIieB Gmndlagen, T.ripgag, 1893, S. 128. 
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The dimensions of that inductorium are as fol- 
lows: 

Primaiy Seo(»tdaiy 

Length (rfcofl 88 mm. 65 mm. 

Diameter of ochI 36 mm. 6Smm. 

Diameter <tf wiie i mm. 0.25 mm. 

Numbo- of turns of wire 300 5000 

Number of layas of wire 4 28 

Resistance 1.5 (jmis 300 cdims 

Unfortunately for the general acceptance of these 
dimen^oi^ as standard, Kronecker * had, ten years ear- 
Ker, propc^ed his well-known system of units, based on 
determinations made with inductoria having coils twice 
as long as the Berlin coils and each with twice as many 
turns of wire; and with the adoption of his graduation 
the large coils came into common use. By general con- 
sent among physiologists, therefore, rather than by any 
official action, inductoria having coils about 13 cm. long 
and having about 10,000 turns in the secondary are 
recognized as suitable for the uses of the investigator. 
In intBt well-equipped laboratories such inductoria are 
foxmd, and there seems no valid reason why the general 
dimenaons originally selected by Kronecker for his grad- 
uation should not be taken as standard. In a later para- 
graph (p. 92), obser\-ations will be dted which show 
that for quantitative work coils of this size are to be pre- 

* Kit»e<±«: Aibesten aus der physiolagischQi Anstalt zn Ldpzig, 
iSyi, S. 1S6. 
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ferred to l^e smaller ones reconunended by the Paris 
Congress. 

Assuming as the standard, then, an inductorium hav- 
ing cxnls about 13 an. long and having in the secondary 
approximately 10,000 turns of wire, we may inquire 
how widely an inductorium can vary from this standard 
without introducing a significant error. For answering 
this question I have made observations with six in- 
ductoria, three of whidi are of "standard" construction 
and provided with Kxoneckei graduations, the other 
three selected to gjve increasing degrees of divergence 
from the standard. Defmls of the construction of the 
ax inductoria are set down in Table VUL 

The results of my numerous experiments with these 
inductoria may be sununarized as follows: The three 
standard coils. A, B, and G, give corresponding values 
of Z for equal stimuli and equal secondary redstances 
whatever the secondary resistance may be. In compar- 
ing them, therefore, the factor of inductoriiun construc- 
tion does not enter. 

In thirteen experiments in which coil N was compared 
with coU B the secondary redstances ranged between 
2850 ohms and 25,000 ohms; the average percentage 
variation of Z^* from Zg was 6 per cent; the greatest 
variation was 11. 6 per cent. Zji was greater than Zb 

* For amvemence of eqiresskn a suliscript is fdaced after the vahie 
d Z to indicate with which cxnl the value was obtained. 
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four times and Zb greater than Zjf nine times. The 
small averaige percentage difference between the two 
coils, a difference only slightly greater than the probable 
experimental error, coupled with the fact that not all the 
variations are in the same direction, seems to me to 
show that in coils differing no more than these the in- 
fluence of inductoriimi construction as a special factor 
can be disregarded without serious error. 

An important effect of inductorium construction be- 
comes manifest when coils B and H are compared. The 
average difference between Zb and Zg in twelve experi- 
ments was 16 per cent; in four of the twelve cases, more- 
over, the difference exceeded 24 per cent. Analyzing the 
series of experiments with reference to the secondary re- 
sistances it appeared that the high average difference is 
due to large differences in the experiments with high sec- 
ondary resistance. Thus five experiments with second- 
ary resistance above 10,000 ohms show an average differ- 
ence between Zb and Zg of 25.7 per cent, while seven 
esperiments with secondax}* resistances below 10,000 
ohms show an average difference of only 4.5 per cent. 
In all five experiments with high secondary resistance 
Zg was greater than Zg- In the seven eq)eriments with 
low resistance Zg was larger than Zg three times, smaller 
than Zg twice, and equal to it twice. 

This series of experiments shows that in inductoria 
differing even so widely as do coils B and H, inducto- 
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rium construction is unimportant so long as secondary 
resistance is kept low. It is, however, of great impor- 
tance whenever the secondary resistance is high. 

The final series of comparisons was between coil B 
and the Porter inductoriimi, coil E. This yielded re- 
sults of the same sort as the preceding comparison, but 
more marked. Only with very low secondary resistances 
were Zg and Zg equal, and Zg became relatively more 
and more in excess of Zb as the secondary resistance was 
increased. Table XI illustrates this relationshq) very 
clearly. 

This last e:q)eriment brings out clearly the objection 
to the standard set by the Paris Gingress of 1881 



TABLE XI 

lUustrating the Increasiag Divergence of Z-g from Zg with Itt- 

creasing Secondary Resistance 



Resjstance in sec- 
ondary cncidt. 


Zb- 


z^ 


Petceatsge 
ZgbacaZg. 


900 ohms 

1,600 ohms 

2,700 ohms 

8,600 ohms 

20,600 ohms 


15-75 
17.9 

18-7 
24.1 
49.0 


16.05 
19.8 
26.8 
46.0 
13s -0 


1-9 

10.6 

43-0 

91.0 

175.0 



(p. 89). The Porter inductoria conform closely to that 
standard in all respects save that of diameter of the coils. 
As Table XI shows, the influence of secondary resistance 
upon stimulating value is very much more maiked in 
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the small inductorium tlian in the larger one, so that 
while there are many sorts of experiments in which the 
investigator iising a large coil is justified in disregarding 
secondary resistance, to do so would nearly always be 
unsafe if a small coil were being employed.* 

* The Porter inductiorium with which this expmment was per- 
formed is of the old, or student, type. The new form, which is 
constructed in accordance with the Kioneck^ specifications, is wdl 
ad^ted fcff quantitati\'e work. 



CHAPTER XI 
THE HEASHREHEirr OF MAKE SHOCKS 

In order that the scheme for mabing induction shocks ' 
quantitatively useful may be complete, a method for 
measuring make shocks must be added to the one already 
developed for break shocks. The method to be pre- 
sented in this chapter is based wholly on e^)erimental 
comparisons between make shocks and break shocks 
by the v. Pleischl method previously described (p. 56). 
That it is valid can scarcely be doubted in view of the 
large number of concordant e^ieriments which support 
it.* 

The expression for make shocks should, of course, be 
directly comparable with the one previously developed 
for break shocks. The factors of secondary resistance 
and cathode surf ace affect makes and breaks alike. We 
may take as a starting point from which to develop a 
formula for make shocks, therefore, the e:q)ression for 
break shocks which takes account of neither of these 

factors, namely Z = -— ■ The problem to be solved is 

how this expression must be modified so that the value 

' Martin: Am. Jour, of Fhysidagy, 1909, xriv, p. 276 et seq. 
94 
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Z as applied to make shocks shall represent stimiili 
equal in intensity to those given by break shocks in 
which the value of Z is determined as above. The ex- 
perimental procedure by which the problem was solved 
was as follows: A series of equal make stimuli were 
obtained with the secondary coil at \-arious distances 
from the primary. The *" calibration number" for each 
secondarj^ position was then multiplied by the intensity 
of primary current employed at that position, and the 
products for each experiment were set down in a table.* 
For the inner positions of the secondary coil, positions 

which have relatively large values of — ' the product 

— X / was nearly constant; as the secondan,- coil was 

moved out into the parts of the field where the values 

of — are small, the product -p X / became progressively 

larger the farther out the secondarj" coil was pushed, and 

consequently the smaller were the values of — • Nu- 

merous repetitions of the experiment gave precisely sim- 
ilar results. 

These experiments indicated quite clearly the exist- 
ence of a comparatively ample relationship between 
make and break stimuli, and also suggested a method 
* For eqioimeital data see Martin: lac at., p. 2J2. 
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for expressmg the relationship mathematiGJly in the 
simplest possible fashion, namely through the introduce 
tion of a single factor into the break shock formula, 
which when introduced woiild cause it to ^ve equal 
values for Z for equal make stimuli. Study of the 
data showed that the factor to be introduced must be 

M 
relatively larger the smaller the value of — , and must 

M 
tend to diminish—- A const^it nimiber has this effect 

M 
if it is subtracted from — • The formula modihoi in 

accordance with this idea becomes 
Z, 



=(!-)-• « 



In practically every e^ieriment of a large series some 
number could be selected to be substituted for K in 
formula (i) with a fairly constant value of Z resulting. 
For each experiment the value of K had to be deter- 
mined empirically, and it varied widely in different ex- 
periments. In all the experiments the values of K were 

M 

negligibly small in comparison with the values of — for 

secondary positions of 12 cm. or less. 

The discovery of the above formula is a decided step 
toward the ultimate solution of the problem of measur- 

* To distinguish between break stimuli and make stimuli the fonner 
are lepiesented by Z^, the latter by Z„. 



THE MEASUREMENT OF MAKE SHOCKS 97 

ing make shocks, but it is not a complete solution, since 
it ofFeis no means of determining in advance what the 
value of K will be under any given set of conditions. 
The next step was to study a large series of experiments 
with referaice to the conditions upon which the \^ues 
of K dqpend. 

It became apparent at an early stage of the investi- 
gation that make shocks, imlike breaks, are modified in 
intraisity by changes in the vollage of the primary cur- 
rait. TTiis observation suggested the grouping of all 
the experiments according to the primary voltage used 
in performing than. After this had been done the 
^"alues of K for the different experiments of any group 
still differed widefy, but now wherever the value of K 
was large the value of Z was also large and z'kc i^ersa. 
Tias su^ested at once a possible dependence of the 
value of K upon that of Z. To test this possibility- the 
experiments of each group were plotted, values of K 
against values of Z. The resulting curve in each case is 
a strai^t line, ha^'ing the ample equation 

K = aZ. (2) 

Kg. 18 ^ves the curve for coQ B obtained by plotting 
the esperimoits at 2 volts. The yahie of a given by 
this cnrve is 18. Substituting in equation (i) the value 
of K pven in equation {2), we have 

Z^ = j-T-aZI. (3) 
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This solved for Z„ and 
amplified gives 

M 
L 



2.= 



(4) 



+ a 



Fig. i8. Curve obtained wbea 
the values of Z given by the 
application of the fonnula 

Z = (y — ^] / to the experi- 
ments peifonned nith a primary 
voltage of 2 are plotted against 
the values of K used in these ex- 
periments. Absdsss rqiresent 
values of K; ordinates represent 
values of Z. The equation for 
this curve is K = i8Z. 



an equation which enables 
tis to detennine the value 
of make stimuli at any 
given primary voltage, for 
which the value of a is 
known. 

There remains now for 
the completion of the make 
shock formula only the 
establishment of a definite 
relationship between the 
values of a at various 
primary voltages and the 
voltages themselves. To 
determine whether such a 
relationship exists another 
curve was plotted, prim- 
ary voltages against values 
of a previously determined. 
This curve is rq>resented 
in Fig. 19. It has the 
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^mple equation 

inwhichCrepreseiits a 
constant. Substitut- 
ing in equation (4) the 
value of a given by »i 
equation (5), we have 

M 
L 



E=-a-C, 



(5) 



Z^ 






(6) 
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which is the general 
equation for make in- 
duction shocks. The 
value of C is fixed rte. 19. Carve obtained by plotting 
for each inductorium. against the diSsent primaiy voltage 

For the one with 
which this equation 
was developed, coil 
B, its value is 36. 

Comparison of the General Formtils for Break and 
Make Stimuli. If the general equation for break shocks 
be written in the same form as the one for make shocks 
and the two placed ade by ade, the simple mathematical 
rdationshq) existing between make and break stimuli 
becomes apparent. Written thus, the break shock 



need in these expeiimeaits the values of 
a obtained frcau curves plotted as in Fig. 
I. Hie equation for this curve is £ X a 
= 36. AbsdsssE i^jresent values of a; 
ordinate rqjrsoit primary voltages. 
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formula is 

M 

I 

7 

Comparing this with the make shock f omnila, 

M 
L 



Z.= 



I^ E 



the difference between them is seen to be wholly in the 
denominator, and to consist of the addition of a simple 
expression to the denominator of the bre^ shock for- 
mula to ^ve the one for make shocks. Inasmuch as in- 
creasing the denominator of a fraction diminishes the 
value of the fraction, the formulae express the well- 
known fact that make shocks are weaker than break 
shocks produced under equivalent conditions. 

In the formulae as here presented the numerators ex- 
press the influence upon the value of Z of the position 
of the secondary coil with respect to the primary. The 
denominators express the influence upon Z of the in- 
taisity of the primary current, and for make stimuli the 
influence of its voltage also. Since the numerator is 

M 
the same in both formuke, i.e.,—> it follows that how- 
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ever the break stimulus Zj, may compare with the make 
stimulus Z„, changing the value of — by moving the 

secondary coil dora not affect the relationship between 
them. To illustrate, if we suppose the break stimulus 
to be twice as intense as the make stimulus when the 
secondary coil is at zero, the break will continue to be 
twice as intense as the make wherever the secondary 
coil is placed, provided, of course, that all other condi- 
tions remain constant. 

Since the difference between the two formulae is wholly, 
in their denominators, we may expect careful analj-sis 
of these to yield a full understanding of the conditions 
upon which depend the relationships between make and 
break stinmli. The denominator of the make shock 
formula will alwa>-s be larger than that of the break 
formula, but the amount of difference between the two 

will \Tm- greatly according to the relative values of- 

and — • This can best be shown by a concrete case. Let 
E 

us first compare the values of Zj and Z» in a hypotheti- 
cal experiment with coU B in which a primary current of 
0.0005 ampere at 20 volts is employed. The expression 
for Zj is M 

L 
2000 
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For Z„ the expression is 

M M 

L L 



2000 + f ^ 200I.8 

The difference between the stimulating intensities of the 
two sorts of shocks is in this case less than one-tenth of 
one per cent. Compare now the values of Zj, andZ„ when 
a primary current of 0.4 ampere at 2 volts is used. The 
expression for Z^ is M 

T 

2.5' 



and for Z„ is 



M M 

L L 



2.5 + ^/- 20.5 

In this case the break shock is more than eight times as 
intense as the make. 

The above illustrations present in concrete form the 
effects upon the relation between break and make stim- 
uli of variations in intensity and voltage of the piimary 
current. These effects may be stated in general thus: 
The higher the voltage of the primary current and the less 
Us intensity, the more nearly will make shocks equal break 
shocks: conversely, the lower the voUage of the primary 
current and the greater its intensity, the more will break 
shocks exceed make shocks. 
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The make shock foimula shows that make stimuli do 
not xanry directly vsith the intensity of the primary 
cxirrent as break stimuli do. Although make shocks 
increase absolutelj- vsdth every increase in primary inten- 
sity, other conditions remaining imiform, the increase 
is relatively slight when primary intensities of consid- 
erable magnitude are compared. For example, if with 
coil J5 a 2 volt primary current be increased from 0.5 
ampere to i.o ampere, the make stimuli will be increased 
only 5 per cent, while break shocks under the same cir- 
cumstances would be doubled. 

This peculiarity of relation of make shocks to primary 
currents of high intensity shows itself verj' strikingly in 
many experiments in which minimal muscular contrac- 
tions are used as indicators of stimulation strength. In 
the outer parts of the field of the inductorium, where the 

values of — are small, primary- currents of high intensity 

must be emploj^'ed to give shocks sufficient to elicit 
\iaible response. I have often foimd when studying 
make shocks, especially with primary currents of low 
voltage, that as the secondary coil was pushed out to a 
point where primary currents of o.i or 0.2 ampere failed 
to elicit response, no increase of primary iatensit},^ up to 
the limits of my apparatus would raise the stimulus to 
the threshold. This frequent failure of relatively enor- 
mous primary currents to give detectable make stimuli 
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was wholly inexplicable until the development of the 
make shock formula made its meaning dear. 
Although the make shock formula 



Z^ = 



M 
L 

I^ E 



presents the appearance of some complexity, as a matter 
of fact it is a comparatively easy task to derive the v^ue 
of C, which is the only new constant the equation re- 
quires, and with the constant once established the use 
of the formula is perfectly simple. To determine how 
laborious is the task of determining the value of C, an 
inductorium was taken which had been previous^ cali- 
brated for break shocks, and seven experiments were 
found to yield sufficient data to establish conclusively 
the value of the constant. 

The experimental procedure is that described on p. 95. 
The interpretation of the results so as to establish 
the constant depends upon recognition of the fact that 
in such experiments as these the value of Z„ for the inner 
portions of the secondary coil, where threshold stimu- 
lation is obtained with very small primary currents, is 
practic^y independent of the value of the constant; 
whereas the value of Z„ for secondary positions far out 
on the scale, where heavy primary currents must be 
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used, can be correctly determined only if the constant 
is accurately known. 
By transposition of the equation 

M 
L 



Z^ = 



M 



(7) 



we obtain the formula for the constant 

M 
C_L__i 
E~Z^ l' 

By taking advantage of the fact above noted, that 
the value of Z„ for the inner secondary positions is inde- 
pendent of C, we can obtain Z^ for any given experiment 

M 
by taking the product of — X / for these positions. 

x« 

Since the ^Talue of Z„ is a^umed to be constant through- 
out the eq)eriment we can apply this value to the solu- 
tion of equation (7), usiag the data obtained at the outer 

.Mi 
secondary positions to give — and - ■ From four eq)en- 

X^ J. 

ments at 2 and 4 volts were obtained by th is method the 
following values of C: 8.16, 8.0, 6.8, 9.0, 8.0, 9.8, 8.0, 
5.:!, 8.0. The average of these is 7.9. The nearest roimd 
ntunber, 8, was taken as a sufficiently dose approximation 
to the constant, and was applied to three other experi- 
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ments at primary voltage rangLng from 2 to 12. When 
so applied, constant vsdues of Z„ were obtained,* thus 
proving the correctness of the determination. 

* Far data see Martin: Amer. Jour, of Tbysidlogy, 1909, zxiv, 
pp. 279 and 280. 



CHAPTER Xn 
ERRORS TO BE AVOIDED 

Incidental results of the several years of study spent 
in developing the quantitative method here presented 
have been to emphasize the importance of certain pre- 
cautions, and also to reveal the errors committed by 
some users of induction shocks in their efforts to make 
quantitative comparisons by indirect methods. 

Probably the most urgent general precaution calling 
for discussion is that of maintaining good electrical con- 
tacts throughout. In a mechanism so compKcated as 
that shown in Fig. 8 loose contacts which may easily 
escape observation are likely to render quantitative ob- 
ser\mtions completely valueless. The user of the appa- 
ratus must keep continual!}- in mind the importance of 
maintaining tight contacts, and by frequent inspection 
must assure himself that they are so. The sliding con- 
tacts provided for the secondary coils in some forms of 
inductoria are very untrustworthy and should not be 
used if fixed ones are available. 

In applying stimulating electrodes one must have in 
mind that the induced current stimulates at the cathode, 
and must know which electrode this is. A simple 
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means of distinguisbiiig the poles of the secondary dr- 
cuit is to apply them to a sheet of filter paper moistened 
with a mixture of starch paste and potasaum iodide 
solution. If a strong primary ciurent is made and 
broken rapidly, and the secondary makes or breaks are 
short-circuited each time, a blue deposit presently ap- 
pears at the anode, indicating the accumulation there 
of iodin ions which react with the starch. It should be 
remembered that make shocks and break shocks are 
oppoate in direction, so that the pole which is revealed 
as the anode for break shocks is the cathode for makes. 

The development of a mathematical expression for the 
influence of secondary resistance on stimulating value 
has shown the fallacy of a method sometimes employed 
for varying stimulating strengths quantitatively by in- 
cluding known resistances in the secondary circuit and 
assuming that the strength of stimulus is reduced in 
exact proportion with the increase of resistance. As the 
equation (p. 76) shows, the stroigth of stimulus not 
only does not vary in exact proportion with the resist- 
ance, but the relationship actually existing is not apt to 
be the same in two successive experimoits, owing to the 
interrelation between secondary resistance and cathode 
surface. 

This same interrelation explains the error of another 
procedure which has sometimes been employed for 
the purpose of overcoming inequalities in stimulation 
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Strength due to differences in secondary resistance, 
namely the introduction of a very high additional re- 
sistance into the secondary circuit, thereby making fluc- 
tuations in tissue resistance relatively negligible. That 
this device is perfectly adequate in experiments in which 
a single tissue of VEirying resistance is under examination 
is of course obvious; there being imder such circum- 
stances no variation in cathode surface. But in ex- 
periments in which different tissues are being compared 
the introduction of high additional resistance into the 
secondary drcuit is more apt to be misleading than 
otherwise because of the cumulative effect of variations 
in cathode surface. The point can best be illustrated 
by a concrete example: 

Experiment of March 7, 1910. — Frog's gastrocnemius muscle stim- 
ulated directly. In the first test the cathode was in contact with the 
surface of the musde, but did not penetiate it. When the tissue only 
was in the secondary circuit, the total secondary resistance was 17,000 
ohms. A minimal contraction was secured with a value of Z equal to 
6.6. When 70,000 ohms' additional secondary instance was intro- 
duced, the value of Z was 16.8. By calculation the value of A was 
found to be 28,000, and that of the specific stimulus ^ to be 4.1.* In the 
second test the cathode was thrust directly through the musde tissue; 
the secondaiy rsistance was 5400 ohms; the value of Z was 6.1. When 
70,000 duns' additional resistance was introduced, the value of Z was 
40.5. The calculated value of A was 7000, and of /8 3.45. In this case 
the values of ^ as determined with the tissue only in the secondary 
drcuit lepiesait much more nearly the true rdationships between the 
stimuli than do the values as detennined with a large additional re- 
astance in the circuit. In reality the stimulus applied in the first test 

* For the equations used in this calculation see p. 77. 
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was stiongei than in the secraid, whereas, tf reliance were [daced vpaa 
the results given whoi the hi^ additional resistance was in drcnit, it 
wonld ^pear that the second stimulus was more than twice as strong 
as the first. The subjoined tabulation will serve to onphasize the 
error; 

Z(tfes«e<»ly) ji^^^ fi 

First 6.6 16.8 41 

Second 6.1 40.5 3.4s 

Katio <rf ist to 2d 1.08 0.41 1. 19 

In detennining spedfic stimulation values by means 

ZA 
of the expression fi = — j> particularly when the 

tissues stimulated have high resistances, errors in de- 
termining the value of A may easily vitiate the results. 
It will usually be found desirable to determine values of 
Z for at least three secondary resistances in addition to 
the tissue resistance itself. If the values of Z thus 
obtained are plotted against their respective resbtances 
the curve which they yield reveals at once whether 
errors have been made in the determinations. The 
curve should be a straight line, cutting the ordinate for 
zero resistance at some point above tbe base line. Minor 
errors may be allowed for by drawing the curve to make 
them balance one another. This precaution is unnec- 
essary when tissues of low resistance are studied, since 
with them small errors in determining A are less sig- 
nificant. 
These axe among the less obvious sources of error in 
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quantitative work, and are therefore discussed here. 
The more apparent ones need not be mentioned, since 
they are sure to suggest themselves to any user of the 
method here presented. 

In the use of this quantitative method, as in most 
procedures invoh-ing numerous factors, a technique, 
which seems at the outset highly complicated, becomes 
with practice easy to carry out. Its inclusion as part 
of the experimental routine of the working physiologist 
is therefore justified. To facilitate such inclusion is 
the purpose of this manual. 
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Vol. I. Compounds of Carbon with Hydrogen and Oxygen. Large Svo, 
Vol. II. Nitrogenous Compounds. (In Preparation.) 

Vol. III. The Commercial DyestufEs ; Large Svo, 

'*' Nelson's Analysis of Drugs and Medicines I2mo, 

Ostwald's Conversations on Chemistry. Part One. (Ramsey.) 12mo, 

Part Two. (Tumbull.) 12mo, 

* Introduction to Chemistry. (Hall and Williams.) Large 12mo, 

Owen and Standage's Dyeing and Cleaning of Textile Fabrics 12mo, 

'•' Palmer's Practical Test Book of Chemistry 12mo, 

* Pauli's Physical Chemistry in the Service of Medicine. (Fischer.) . , 12mo, 
Penfield's Tables of -Minerals, Including the Use of Minerals and Statistics 

of Domestic Production Svo, 

Pictet's Alkaloids and their Chemical Constitution. (Biddle.) ,8vo, 

Poole's Calorific Power of Fuels Svo, 

Prescott and Winslow's Elements of Water Bacteriology, with Special Refer- 
ence to Sanitary Water Analysis 12mo, 

* Reisig's Guide to Piece-Dyeing Svo, 

Richards and Woodman's Air, Water, and Food from a Sanitary Stand- 
point Svo. 

Ricketts and Miller's Notes on Assaying Svo, 

Rideal's Disinfection and the Preservation of Food Svo, 

Riggs's Elementary Manual for the Chemical Laboratory Svo, 

Robine and Lenglen's Cyanide Industry. (Le Clerc.) Svo, 

Ruddiman's Incompatibilities in Prescriptions Svo, 

Whys in Pharmacy 12mo, 

* Ruer's Elements of Metallography. (Mathewson.) Svo, 

Sabin's Industrial and Artistic Technology of Paint and Varnish Svo, 

Salkowski's Physiological and Pathological Chemistry. (Omdorff.) Svo, 

* Schimpf's Essentials of Volumetric Analysis Large 12mo, 

Manual of Volumetric Analysis. (Fifth Edition, Rewritten) Svo, 

* Qualitative Chemical Analysis Svo, 

* Seamen's Manual for Assayers and Chemists Large 12fflo, 

Smith's Lecture Notes on Chemistry for Dental Students Svo, 

Spencer's Handbook for Cane Su^ar Manufacturers 16mo, mor. 

Handbook for Chemists of Beet-sugar Houses 16mo, mor. 

Stockbridge's Rocks and Soils Svo, 

Stone's Practical Testing of Gas and Gas Meters Svo, 
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* Tillman's Descriptive General Chemistry |^°' 

* Elementary Lessons in Heat °^°' 

Tre^well's Qualitative Analysis. (Hall.) °vo. 

Quantitative Analysis, , (Hall.) • -Svo, 

Turneaure and Russell's Public Water-supples Svo, 

Van Deventer's Physical Chemistry for Beginners. (Boltwood.) 12mo, 

Venable's Methods and Devices for Bacterial Treatment of Sewage 8vo, 

Ward and Whipple's Freshwater Biology. (In Press.) 

Ware's Beet-sugar Manufacture and Refining. Vol. 1 8vo, 

" " Vol.11 8vo, 

Washington's Manual of the Chemical Analysis of Rpcks 8vo, 

* Weaver's Military Explosives 8vo, 

Wells's Laboratory Guide in Qualitative Chemical Analysis 8vo, 

Short Course in Inorganic Qualitativfe Chemical Analysis for Engineering 
Students 12mo, 

Text-boo^f of Chemical Arithmetic 12mo, 

Whipple's Microscopy of Drinking-water 8vo, 

Wilson's Chlorination Process 12mo, 

Cyanide Processes 12mo, 

Winton's Microscopy of Vegetable Foods 8vo, 

Zsigmondy's Colloids and the Ultramicroscope. (Alexander.).. Large 12mo, 



CIVIL ENGINEERING. 

BRIDGES AND ROOFS. HYDRAULICS. MATERIALS OF ENGINEER- 
ING. RAILWAY ENGINEERING. 

* American Civil Engineers' Pocket Book. (Mansfield Merriman, Editor- 

in-chief.) 16mo, mor. 

Baker's Engineers' Surveying Instruments 12mo, 

Bixby's Graphical Computing Table Paper 19^ X 244 inches. 

Breed and Hosmer's Principles and Practice of Stu-veying, Vol. I. Elemen- 
tary Surveying 8vo, 

Vol. II. Higher Surveying 8vo, 

* Burr's Ancient and Modem Engineering and the Isthmian Canal iSvo, 

Comstock's Field Astronomy for Engineers 8vo, 

* Corthell's Allowable Pressure on Deep Foundations 12mo, 

Crandall's Text-book on Geodesy and Least Squares 8vo, 

Davis's Elevation and Stadia Tables 8vo, 

* Eckel's Building Stones and Clays .* 8vo, 

Elliott's Engineering for Land Drainage. T 12mo, 

* Fiebeger's Treatise on Civil Engineering 8vo, 

Flemer's Photo topographic Methods and Instruments 8vo, 

Folwell's Sewerage. (Designing and Maintenance.) 8vo, 

Freitag's Architectural Engineering 8vo, 

French and Ives's Stereotomy 8vo, 

Gilbert, Wightman, and Saunders's Subways and Tunnels of New York. 

(In Press.) 

* Hauch and Rice's Tables of Quantities for Preliminary Estimates. . . 12mo, 

Hayford's Text-book of Geodetic Astronomy 8vo, 

Hering's Ready Reference Tables (Conversion Factors.) 16mo, mor. 

Hosmer's Azimuth 16mo, mor, 

* Text-book on Practical Astronomy gvo, 

Howe's Retaining Walls for Earth 12mo, 

* Ives's Adjustments of the Engineer's Transit and Level 16md, bds. 

Ives and Hilts's Problems in Surveying, Railroad Surveying and Geod- 
esy 16mo, mor. 

* Johnson (J.B.) and Smith's Theory and Practice of Surveying. Large 12mo, 
Johnson's (L. J.) Statics by Algebraic and Graphic Methods 8vo, 

* Kinnicutt, Winslow and Pratt's Sewage Disposal gvo 

* Mahan's Descriptive Geometry .' gvo', 

Merriman's Elements of Precise Surveying and Geodesy gvo 

Merriman and Brooks's Handbook for Surveyors 16mo, mor. 

■ Nugent's Plane Surveying gyo 

Ogden's Sewer Construction gvo 

Sewer Design .V2moi 
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Ogden and Cleveland's Practical Methods of Sewage Disposal for Resi- 
dences, Hotels, and Institutions. (In Press.) 

Parsons's Disposal of Municipal Refuse gvo J2 00 

Patton's Treatise on Civil Engineering 8vo, hkif leather^ 7 50 

Reed s Topographical Drawing and Sketching 4to, 5 00 

Riemer's Shaft-sinking under Difficult Conditions. (Coming and Peeie.).8vo! 3 00 

Siebert and Biggin's Modem Stone-cutting and Masonry gvo, 1 50 

Smith's Manual of Tolpographical Drawing. (McMillan. ) 8vo! 2 50 

Soper's Air and Ventilation of Subways 12mo' 2 50 

* Tracy's Exercises in Surveying 12mo, mor! 1 00 

Tracy's Plane Surveying 16mo, mor. 3 00 

Venable's Garbage Crematories in America 8vo, 2 00 

Methods and Devices for Bacterial Treatment of Sewage 8vo,' 3 00 

Wait's Engineering and Architectural Jurisprudence 8vo, 6 00 

Sheep, 6 50 

Law of Contracts 8vo, 3 00 

Law of Operations Preliminary to Construction in Engineering and 

Architecture 8vo, 5 00 

Sheep, 5 SO 

Warren's Stereotomy — Problems in Stone-cutting 8vo, 2 50 

■* Waterbury's Vest-Pocket Hand-book of Mathematics for Engineers. 

2iX5i inches, mor. 100 

'*' Enlarged Edition, Including Tables mor. 1 50 

Webb's Problems in the Use and Adjustment of Engineering Instruments. 

16mo, mor. 1 25 

Wilson's Topographic Surveying 8vo, 3 50 

BRIDGES AND ROOFS. 

Boiler's Practical Treatise on the Construction of Iron Highway Bridges. .8vo, 2 00 

* Thames River Bridge Oblong paper, 5 00 

Burr and Falk's Design and Construction of Metallic Bridges 8vo, 5 00 

Influence Lines for Bridge and Roof Computations 8vo, 3 00 

Du Bois's Mechanics of Engineering. Vol. II Small 4to, 10 00 

Foster's Treatise on Wooden Trestle Bridges.- 4to, 5 00 

Fowler's Ordinary Foundations 8vo, 3 50 

Greene's Arches in, Wood, Iron, and Stone 8vo, 2 50 

Bridge Trusses 8vo, 2 50 

Roof Trusses ' 8vo, 1 25 

Grimm's Secondary Stresses in Bridge Trusses 8vo, 2 50 

Heller's Stresses in Structures and the Accompanying Deformations. . . . 8vo, 3 00 

Howe's Design of Simple Roof-trusses in Wood and Steel 8vo. 2 00 

Symmetrical Masonry Arches 8vo, 2 50 

Treatise on Arches 8vo, 4 00 

* Hudson's Deflections and Statically Indeterminate Stresses Small 4to, 3 50 

* Plate Girder Design 8vo, 1 50 

* Jacoby'a Structural Details, or Elements of Design in Heavy Framing, 8vo, 2 25 
Johnson, Bryan and Tumeaure's Theory and Practice in the Designing of 

Modem Framed Structures Small 4to, 10 00 

■* Johnson, Bryan and Turneaure's Theory and Practice in the Designing of 

Modern Framed Structures. New Edition. Part 1 8vo, 3 00 

* Part II. New Edition 8vo, 4 00 

Merriman and Jacoby 's Text-book on Roofs and Bridges : 

Part I. Stresses in Simple Trusses 8vo, Z 50 

Part II. Graphic Statics 8vo, 2 50 

Part III. Bridge Design 8vo, 2 50 

Part IV. Higher Structures 8vo, 2 50 

Ricker's Design and Construction of Roofs. (In Press.) 

Sondericker's Graphic Statics, with AppUcations to Trusses, Beams, and 

Arches 8™, 2 00 

Waddell's De Pontibus, Pocket-book for Bridge Engineers 16mo, mor. 2 00 

* Specifications for Steel Bridges 12mo, 50 

Waddell and Harrington's Bridge Engineering. (In Preparation.) 

HYDRAULICS. 

Bames's Ice Formation ■ ■ :••■•■.• f^°' ^ °° 

Bazin's Experiments upon the Contraction of the Liquid Vein Issuing from 

an Orifice. (Trautwine.) 8vo, 2 00 
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Bovey's Treatise on Hydraulics 8vo. $5 00 

Church's Diagrams of Mean Velocity of Water in Open Channels. 

Oblong 4to, paper, 1 50 

Hydraulic Motors 8vo. 2 00 

Mechanics of Fluids (Being Part IV of Mechanics of Engineering). .Svo, 3 00 

Coffin's Graphical Solution of Hydraulic Problems IGmo, mor. 2 50 

Flather's Dynamometers, and the Measurement of Power 12mo, 3 00 

Folwell's Water-supply Engineering 8vo, 4 00 

Prizell's Water-power Svo, 5 00 

Fuertes's Water and Public Health ' 12mo, 1 50 

Water-filtration Works 12mo, 2 50 

Ganguillet and Kutter's General Formula for the Uniform Flow of W^ter in 

Rivers and Other Channels, (Hering and Trautwine.) Svo, 4 00 

Hazen's Clean Water and How to Get It Large 12mo, 1 50 

Filtration of Public Water-srapplies Svo, 3 00 

Hazelhurst's Towers and Tanks for Water-works Svo, 2 50 

Herschel's 115 Experiments on the Carrying Capacity of Large, Riveted, Metal 

Conduits Svo, 2 00 

Hoyt and Grover's River Discharge Svo, 2 00 

Hubbard and Kiersted's Water-works Management and Maintenance. 

Svo, 4 00 

* Lyndon's Development and Electrical Distribution, of Water Power. 

' Svo, 3 00 
Mason's Water-supply. (Considered Principally from a Sanitary Stand- 
point.) Svo, 

* Merriman's Treatise on Hydraulics. 9th Edition, Rewritten Svo, 

* MoUtor's Hydraulics of Rivers, Weirs and Sluices Svo, 

* Morrison and Brbdie's High Masonry Dam Design Svo, 

* Richards's Laboratory Notes on Industrial Water Analysis Svo, 

Schuyler's Reservoirs for Irrigation, Water-power, and Domestic Water- 
supply. Second Edition, Revised and Enlarged Large Svo, 

* Thomas and Watt's Improvement of Rivers ' 4to, 

Tumeaure and Russell's Public Water-supplies Svo, 

* Wegmann's Dtesign and Construction: of Dams. 6th Ed., enlarged 4to, 

Water-Supply of the City of New York from 1658 to 1895 4to, : 

Whipple's Value of Pure Water Large 12rao, 

Williams and Hazen's Hydraulic, Tables Svo, 

Wilson's Irrigation Engineering '. . . .8vo, 

Wood's Turbines Svo, 



MATERIALS OF ENGINEERING. 

Baker's Roads and Pavements gvo, 

" Treatise on Masonry Construction - Svo, 

Black's United States Public Works Oblong 4to, 

* Blanchard and Drowne's Highway Engineering, as Presented at the 

Second International Road Congress, Brussels, 1910 Svo, 

Bleininger's Manufacture of Hydraulic Cement. (In Preparation.) 

* Bottler's German and American Varnish Making. (Sabin.) . .Large 12mo. 

Burr's. Elasticity aiid Resistance of the Materials of Engineering Svo, 

Byrne's Highway Construction Svo, 

Inspection of the Materials and Workmanship Employed in Construction, 

16mo, 

Church's Mechanics of Engineering Svo, 

Mechanics of Solids (Being Parts I, 11,^111 of Mechanics of Engineer- 
ing Svo, 4 50 

Du Bois s Mechanics of Engineering. ■ 

Vol. I. Kinematics, Statics, Kinetics. Small 4to, 7 50 

Vol. II. The Stresses in Framed Structures, Strength of Materials and 

Theory of Flexures Small 4to, 10 00 

* Eckel's Building Stones and Clays gvo. 3 00 

* Cements, Limes, and Plasters gvo 6 00 

Fowler's Ordinary Foundations [\[ .8vo' 3 50 

* Greene's Structural Mechanics 8vo' 2 50 

Holley's Analysis of Paint and Varnish Products. (In Press.) 

■ * Lead and Zinc Pigments Large 12mo 3 00 
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* Hubbard's Dust Preventives and Road Binders gvo $3 00 

Johnson's (CM.) Rapid Methods for the Chemical Analysis of Special Steels' 

Steel-makmg Alloys and Graphite Large 12mo 3 00 

Johnson s (J. B.) Materials of Construction Large 8vo 6 00 

Keep's Cast Iron g^g' 2 50 

Lanza's Applied Mechanics ]!!!!!!!!! 8vo' 7 50 

Lowe's Paints for Steel Structures '....'. .'.*.'. 'l2mo' 1 00 

Maire's Modem Pigments and their Vehicles '.'.*.''.*'. * '. *. ...... 12moi 2 00 

* Martin's Text Book on Mechanics. Vol. I. Statics .' ] . 12mo! 1 25 

* Vol. IL Kinematics and Kinetics * * ' i2mo', 1 50 

* Vol. III. Mechanics of Materials .'...' . l2mo,' 1 50 

Maurer's Technical Mechanics gvo' 4 00 

Merrill's Stones for Building and Decoration 8vo, 5 00 

Merriman's Mechanics of Materials gvo, 5 00 

* Strength of Materials 12mo, 1 00 

Metcalf' s Steel. A Manual for Steel-users 12mo, 2 00 

Morrison's Highway Engineering , gvo, 2 50 

* Murdock's Strength of Materials 12mo, 2 00 

Patton's Practical Treatise on Foundations gvo, 5 00 

Rice's Concrete Block Manufacture Svo, 2 00 

Richardson's Modem Asphalt Pavement gvo, 3 00 

Richey's Building Foreman's Pocket Book and Ready Reference. 16mo, mor. 5 00 

* Cement Workers' and Plasterprs' Edition (Building Mechanics' Ready 

Reference Series) 16mo, moi. 1 50 

Handbook for Superintendents of Construction 16mo, mor. 4 00 

* Stone and Brick Masons' Edition (Building Mechanics' Ready 

Reference Series) '. 16mo, mor. I 50 

* Ries's Clays : Their Occurrence, Properties, and Uses gvo, 5 00 

* Ries and Leighton's History of the Clay-working Industry of the United 

States Svo. 2 50 

Sabin's Industrial and Artistic Technology of Paint and Varnish Svo, 3 00 

* Smith's Strength of Material 12mo, 1 25 

Snow's Principal Species of Wood Svo, 3 50 

Spalding's Hydraulic Cement 12mo, 2 00 

Text-book on Roads and Pavements 12nio, 2 00 

* Taylor and Thompson's Concrete Costs Small Svo, 5 00 

* Extracts on Reinforced Concrete Design Svo, 2 00 

Treatise on Concrete, Plain and Reinforced Svo, 5 00 

Thurston's Materials of Engineering. In Three Parts gvo, 8 00 

Part I. Non-metallic Materials of Engineering and Metallurgy. . . .8vo, 2 00 

Part II. Iron and Steel Svo. 3 50 

Part III. A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents Svo, 2 50 

Tillson's Street Pavements and Paving Materials ' Svo, 4 00 

Tumeaure and Matu"er's Principles of Reinforced Concrete Construction. 

Second Edition, Revised and Enlarged Svo, -3 50 

Waterbury's Cement Laboratory Manual 12mo, 1 00 

* Laboratory Manual for Testing Materials of Construction 12mo, 1 50 

Wood's (De V.) Treatise on the Resistance of Materials, and an Appendix on 

the Preservation of Timber Svo, 2 00 

Wood's (M. P.) Rustless Coatings: Corrosion and Electrolysis of Iron and 

Steel Svo. 4 00 

RAILWAY ENGINEERING. 

Andrews's Handbook for Street Railway Engineers 3X5 inches, mor. 1 25 

Berg's Buildings and Structures of American Railroads 4to, 5 00 

Brooks's Handbook of Street Railroad Location 16mo, mor. 1 50 

* Burt's Railway Station Service 12mo, 2 00 

Butts's Civil Engineer's Field-book 16mo, mor. 2 50 

Crandall's Railway and Other Earthwork Tables Svo, 1 50 

Crandall and Barnes's Railroad Surveying 16mo, mor. 2 00 

* Crockett's Methods for Earthwork Computations Svo. 1 50 

Dredge's History of the Pennsylvania Railroad. (1S79) Paper, 5 00 

Fisher's Table of Cubic Yards Cardboard, 26 

Godwin's Railroad Engineers' Field-book and Explorers' Guide. . 16mo, mor. 2 50 
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Hudson's Tables for Calculating the Cubic Contents of Excavations and Em- 
bankments. 8vo, 51 00 

Ives and Hilts's Problems in Surveying, Railroad Surveying and Geodesy 

16mo, mor. 1 50 

Molitor and Beard's Manual for Resident Engineers, ." 16mo, 1 00 

Nagle's Field Manual for Railroad Engineers 16mo, mor. 3 00 

* Orrock's Railroad Structiires and Estimates 8vo, 3 00 

Philbrick's Field Manual for Engineers 16mo, mor. 3 00 

Raymond's Railroad Field Geometry - 16mo, mor. 2 00 

Elements of Railroad Engineering 8vo, 3 50 

Railroad Engineer's Field Book. (In Preparation.) 

Roberts* Track Formulas and Tables. 16mo. mor. 3 00 

Searles's Field Engineering ' 16mo, mor. 3 00 

Railroad Spiral 16mo, mor. 1 60 

Taylor's Prismoidal Formulae and Earthwork 8vo, 1 50 

Webb's Economics of Railroad Construction Large 12mo, 2 50 

Railroad Construction 16mo, mor. 5 00 

Wellington's Economic Theory of the Location of Railways Large 12mo, 6 00 

Wilson's Elements of Railroad-Track and Construction 12mo, 2 00 

DRAWING 

Barr and Wood's Kinematics of Machinery Svo, 2 50 

* Bartlett's Mechanical Drawing 8vo, 3 00 

* " " *' Abridged Ed .8vo, 150 

* Bartlett and Johnson's Engineering Descriptive Geometry Svo, 1 50 

Blessing and Darling's Descriptive Geometry. (In Press.) ^^ 

Elements of Drawing. (In Press.) 

CooUdge's Manual of Drawing Svo, paper, 1 00 

CooUdge and Freeman's Elements of General Drafting for Mechanical Engi- 
neers Oblong 4to, 2 50 

Durley's Kinematics of Machines Svo, 4 00 

Emch's Introduction to Projective Geometry and its Application Svo, 2 50 

Hill's Text-book on Shades and Shadows, and Perspective Svo, 2 00 

Jamison's Advanced Mechanical Drawing Svo, 2 00 

Elements of Mechanical Drawing Svo, 2 50 

Jones's Machine Design: 

Part I. Kinematics of Machinery. Svo, 1 50 

Part II. Form, Strength, and Proportions of Parts Svo, 3 00 

* Kimball and Barr's Machine Design Svo, 3 00 

MacCord's Elements of Descriptive Geometry i Svo, 3 00 

Kinematics; or, Practical Mechanism .„ Svo, 5 00 

Mechanical Drawing 4to, 4 00 

Velocity Diagrams Svo, 1 50 

McLeod's Descriptive Geometry Large 12mo, 1 50 

* Mahan's Descriptive Geometry and Stone-cutting ■. Svo, 1 50 

Industrial Drawing. (Tliompson.) Svo, 3 50 

Moyer's Descriptive Geonietry ■ 8vo, 2 00 

Reed's Topographical Drawing and Sketching 4to, 5 00 

* Reid's Mechanical Drawing. (Elementary and Advanced.) Svo, 2 00 

Text-book of Mechanical Drawing and Elementary Machine Design.. Svo, 3 00 

Robinson's Principles of Mechanism ,^ Svo, 3 00 

Schwamb and Merrill's Elements of Mechanism Svo, 3 00 

Smith (A. W.) and Marx's Machine Design , 8vo, 3 00 

Smith's (R. S.) Manual of Topographical Drawing. (McMillan.) Svo, 2 50 

* Titsworth's Elements of Mechanical Drawing Oblong Svo, 1 25 

Tracy and North's Descriptive Geometry. (In Press.) 

Warren's Elements of Descriptive Geometry, Shadows, and Perspective. . Svo, 3 50 

Elements of Machine Construction and Drawing Svo, 7 50 

Elements of Plane and Solid Free-hand Geometrical Drawing. 12mo, 1 00 

General Problems of Shades and Shadows Svo, 3 00 

Manual of Elementary Problems in the Linear Perspective of Forms and 

Shadow 12mo, 1 00 

Manual of Elementary Projection Drawing I2mo 1 50 

Plane Problems in Elementary Geometry 12mo' 1 25 

Weisbach's Kinematics and Power of "Transmission. (Hermann and 

Klein. ) gvo, 5 00 
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Wilson's (H. M.) Topographic Surveying 8vo, $3 50 

* Wilson's (V. T.) Descriptive Geometry 8vo, 1 60 

Free-hand Lettering ' 8vo, 1 00 

Free-hand Perspective 8vo, 2 60 

Woolf's Elementary Course in Descriptive Geometry Large 8vo, 3 00 

ELECTRICITY AND PHYSICS. 

* Abegg's Theory of Electrolytic Dissociation, (von Ende.) 12mo, 

Andrews's Hand-book for Street Railwa y Engineers 3X5 inches mor. 

Anthony and Bali's Lecture-notes on the Theory of Electrical Measure- 
ments 12mo, 

Anthony and Brackett's Text-book of Physics. (Magie.) ... .Large 12mo, 

Benjamin's History of Electricity 8vo, 

Betts's Lead Refining and Electrolysis 8vo, 

* Burgess and Le Chatelier's Measurement of High Temperatures. Third 

Edition 8vo, 

Classen's Quantitative Chemical Analysis by Electrolysis. (Boltwood.).8vo, 

* CoUins's Manual of Wireless Telegraphy and Telephony 12mo, 

Crehore and Squier's Polarizing Photo-chronograph 8vo, 

* Danneel's Electrochemistry. (Merriam.) 12mo, 

Dawson's " Engineering" and Electric Traction Pocket-book. . . . 16mio, mor. 
Dolezalek's Theory of the Lead Accumulator (Storage Battery), (von Ende.) 

12mo, 

Duhem's Thermodynamics and Chemistry. (Burgess.) 8vo, 

Flather's Dynamometers, and the Measurement of Power 12mo, 

* Getman's Introduction to Physical Science '. 12mo, 

Gilbert's De Magnete. (Mottelay ) 8vo, 

* Hanchett's Alternating Currents 12mo, 

Hering's Ready Reference Tables (Conversion Factors) 16mo, mor. 

* Hobart and Ellis's High-speed Dynamo Electric Machinery 8vo, 

Holman's PrecLsion of Measurements . 8vo, 

Telescope-Mirror-scale Method, Adjustments, and Tests Large 8vo, 

* Hutchinson's High-Efficiency Electrical lUuminants and Illumination. 

Large 12mo, 

* Jones's Electric Ignition 8vo, 

Karapetoff's Experimental Electrical Engineering: 

* Vol. 1 8vo, 

*Vol. II 8vo, 

Kinzbrunner's Testing of Continuous-current Machines 8vo, 

Landauer's Spectrum Analysis. (Tingle.) 8vo, 

Lob's Electrochemistry of Organic Compounds. (Lorenz.) 8vo, 

* Lyndon's Development and Electrical Distribution of Water Power. .8vo, 
"■ Lyons's Treatise on Electromagnetic Phenomena. Vols. I. and II. 8vo, each, 

* Michie's Elements of Wave Motion Relating to Sound and Light 8vo, 

* Morgan's Physical Chemistry for Electrical Engineers 12mo, 

* Norris's Introduction to the Study of Electrical Engineering 8vo. 

Norris and Dennison's Course of Problems on the Electrical Characteristics of 

Circuits and Machines. (In Press.) 

•* Parshall and Hobart's Electric Machine Design 4to, half mor, 12 50 

Reagan's Locomotives: Simple, Compound, and Electric. New Edition. 

Largp 12mo, 3 60 

* Rosenberg's Electrical Engineering. (Haldane Gee— Kinzbrunner.). .8vo, 2 00 

* Ryan's Design of Electrical Machinery: 

* Vol. I. Direct Current Dynamos »vo, 1 50 

Vol. II. Alternating Current Transformers. (In Press.) 

Vol. III. Alternators, Synchronous Motors, and Rotary Convertors. 
(In Preparation.) 

Ryan, Norris, and Hoxie's Text Book of Electrical Machinery Svo, ^ 5U 

Schapper's Laboratory Guide for Students in Physical Chemistry 12mo, 1 UO 

* Tillman's Elementary Lessons in Heat 8vo, 1 50 

* Timbie's Elements of Electricity Large 12mo, 2 00 

* Answers to Problems in Elements of Electricity 12mo, Paper 25 

Tory and Pitcher's Manual of Laboratory Physics Large 12mo, J uu 

Ulke's Modem Electrolytic Copper Refining 8vo, i uu 

* Waters's Commercial Dynamo. Design^ 8vo, J uu 
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LAW. 

* Brennan's Hand-book of Useful Legal Information for Business Men. 

16mo, mor. 
=* Davis's Elements of Law 8vo, 

* Treatise on the Military Law of United States .8vo, 

=* Dudley's Military Law and the Procedure of Courts-martial. . Large 12mo, 

Manual for Courts-martial 16mo, mor. 

■Wait's Engineering and Architectural Jurisprudence 8vo, 

Sheep, 

Law of Contracts 8vo, 

Law of Operations Preliminary to Construction in ' Engineering and 
Architecture 8vo, 

Sheep, 

MATHEMATICS. 

Baker's Elliptic Functions 8vo, 1 50 

Sriggs's Elements of Plane Analytic Geometry. (BScher.) 12mo, 1 00 

=* Buchanan's Plane and Spherical Trigonometry 8vo, 1 00 

Byerly's Harmonic Functions 8vo, 1 00 

'Chandler's Elements of the Infinitesimal Calculus 12mo, 2 00 

* Coffin's Vector Analysis 12rao, 2 50 

'Compton's Manual of Logarithmic Computations 12mo, 1 50 

* Dickson's College Algebra Large 12mo, 1 50 

* Introduction to the Theory of Algebraic Equations Large 12mo, 1 25 

lEmch's Introduction to Projective Geometry and its Application Svo, 2 50 

jPiske's Functions of a Complex Variable Svo, 1 00 

JHalsted's Elementary Synthetic Geometry Svo, 1 50 

Elements of Geometry ' Svo, 1 75 

* .Rational Geometry 12mo, 1 50 

Synthetic Projective Geometry Svo, 1 00 

* "Hancock's Lectures on the Theory of Elliptic Functions Svo, 5. 00 

Hyde's Grassmann's Space Analysis Svo, 1 00 

* Johnson's (J. B.) Three-place Logarithmic Tables: Vest-pocket size, paper, 15 

* 100 copies, 5 00 

* Mounted on heavy cardboard, 8 X 10 inches, 25 

"■ 10 copies', 2 00 
Johnson's (W. W.) Abridged Editions of Differential and Integral Calculus. 

Large 12mo, 1 vol. 2 50 

Curve Tracing in Cartesian Co-ordinatea 12mo, 1 00 

Differential Equations Svo, 1 00 

Elementary Treatise on Differential Calculus Large 12mo, 1 50 

Elementary Treatise on the Integral Calculus Large 12mo, 1 50 

* Theoretical Mechanics 12mo, 3 00 

Theory of Errors and the Method of Least Squares 12mo, 1 50 

Treatise on Differential Calculus ' Large 12mo 3 00 

■ Treatise on the Integral Calculus Large 12mo, 3 00 

Treatise on Ordinary and Partial Differential Equations . . . Large 12moi 3 50 
^arapetoff's Engineering Applications of Higher Mathematics: 

* Part I. Problems on Machine Design Large 12mo, 75 

!Soch*s Practical Mathematics. (In Press.) 

Laplace's Philosophical Essay on Probabilities. (Truscott and Emory.) . l.i,mo, 2 00 

* Le Messurier's Key to Professor W. W. Johnson's Differential Equations. 

^ V ., , X ... , ™ Small Svo, 1 75 

* Ludlow s Logarithmic and Trigonometric Tables Svo, 1 00 

* Ludlow and Bass's Elements of Trigonometry and Logarithmic and Other 

Tables gvo^ 3 qq 

* Trigonometry and Tables published separately Each, 2 00 

3Ca<^arlane's Vector Analysis and Quaternions Svo' 1 00 

JIcMahon's Hyperbolic Functions ' g^o' 1 00 

Manning's Irrational Numbers and their Representation by Sequences and 



.12mo, 1 25 
25 



* Martin's Text Book on Mechanics. Vol. I. Statics 12mo 1 

* Vol. II. Kinematics and Kinetics ' .'l2mo* 1 50 

* Vol. III. Mechanics of Materials.. .■ ' . .l2mo' 1 SO 
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Mathematical Monographs. Edited by Mansfield Merriman and Robert 

S. Woodward Octavo, each $1 00 

No. 1. History of. Modem Mathematics, by David Eugene Smith. 
No. 2. Synthetic Projective Geometry, by George Bruce Halsted 
No. 3. Determinants, by Laenas GifEord Weld. No. 4. Hyper- 
bolic Functions, by James McMahon. No. 5. Harmonic Func- 
tions, by William E. Byerly. No. 6. Grassmann's Space Analysis, 
by Edward W. Hyde. No. 7. Probability and Theory of Errors, 
by Robert S. Woodward. No. 8. Vector Analysis and Quaternions, 
by Alexander Macfarlane. No. 9. Differential Equations, by 
William Woolsey Johnson. No. 10. The Solution of Equations, 
by Mansfield Merriman. No. 11. Functions of a Complex Variable, 
by Thomas S. Fiske. 

Maurer's Technical Mechanics gvo, 4 00 

Merriman's Method of Least Squares 8vo, 2 00 

Solution of Equations 8vo, 1 00 

* Moritz's Elements of Plane Trigonometry 8vo, 2 00 

Rice and Johnson's Differential and Integral Calculus. 2 vols, in one. ' 

Large 12mo, 1 50 

Elementary Treatise on the Differential Calculus Large 12mo, 3 00 

Smith's History of Modem Mathematics 8vo, 1 00 

* Veblen and Lennes's Introduction to the Real Infinitesimal Analysis of One 

Variable 8vo,' 2 00 

* Waterbury's Vest Pocket Hand-book of Mathematics for Engineers. 

2 j X 51 inches, mor. 1 00 

'* Enlarged Edition, Including Tables mor. 1 50 

Weld's Determinants 8vo, 1 00 

Wood's Elements of Co-ordinate Geometry.-. .■ 8vo, 2 00 

Woodward's Probability and Theory of Errors 8vo, 1 00 

MECHANICAL ENGINEERING. 

MATERIALS OF ENGINEERING, STEAM-ENGINES AND BOILERS. 

Bacon's Forge Practice 12mo, 1 50 

Baldwin's Steam Heating for Buildings 12mo, 2 50 

Barr and Wood's Kinematics of Machinery 8vo, 2 50 

* Bartlett's Mechanical Drawing 8vo, 3 00 

■* " " " Abridged Ed 8vo, 150 

* Bartlett and Johnson's Engineering Descriptive Geometry 8vo, 1 50 

* Burr's Ancient and Modem Engineering and the Isthmian Canal Svo, 3 50 

Carpenter's Heating and Ventilating Buildings Svo, 4 00 

* Carpenter and Diederichs's Experimental Engineering Svo, 6 00 

* Clerk's The Gas, Petrol and Oil Engine Svo, 4 00 

Compton's First Lessons in Metal Working 12mo, 1 50 

Compton and De Groodt's Speed Lathe 12mo, 1 50 

Coolidge's Manual of Drawing Svo, paper, 1 00 

Coolidge and Freeman's Elements of General Drafting for Mechanical En- 
gineers Oblong 4to, 2 50 

Cromwell's Treatise on Belts and Pulleys 12mo, 1 50 

Treatise on Toothed Gearing 12mo, 1 50 

Dingey's Machinery Pattern Making 12ino, 2 00 

-Durley's Kinematics of Machines Svo, 4 00 

Flanders's Gear-cutting Machinery Large 12mo, 3 00 

Flather's Dynamometers and the Measurement of Power 12mo, 3 00 

Rope Driving. 12mo, 2 00 

Gill's Gas and Fuel "Analysis for Engineers 12mo, 1 25 

Goss's Locomotive Sparks Svo, 2 00 

* Greene's Pumping Machinery Svo, 4 00 

Hering's Ready Reference "Tables (Conversion Factors) 16mo, mor. 2 50 

* Hobart and Ellis's High Speed Dynamo Electric Machinery Svo, 6 00 

Hutton's Gas Engine 8vo, 5 00 

Jamison's Advanced Mechanical Drawing Svo, 2 00 

Elements of Mechanical Drawing Svo, 2 50 

Jones's Gas Engine Svo, 4 00 

Machine Design: 

Part I. Kinematics of Machinery Svo, 1 60 

Part II. Form, Strength, and Proportions of Parts Svo, 3 00 

13 



* Kaup's Machine Shop Practice , Large 12ino 

* Kent's Mechanical Engineer's Pocket-Book 16nio, mor. 

Kerr's Power and Power Transmission 8vo, 

* Kimball and Barr's Machine Design 8vo, 

* King's Elements of the Mechanics of Materials and of Power of Traps- 

mission ®^0' 

* Lanza's Dynamics of Machinery I'^o. 

Leonard's Machine Shop Tools and Methods 8vo, 

* Levin's Gas Engine 8vo, 

* Lorenz's Modem Refrigerating Machinery. (Pope, Haven, and Dean). .8vo, 
MacCord's Kinematics; or. Practical Mechanism. 8vo, 

Mechanical Drawing ,j 4to, 

Velocity Diagrams <■ 8vo, 

MacFarland's Standard Reduction Factors for Gases 8vo, 

Mahan's Industrial Drawing. (Thompson.) 8vo. 

Mehrtens's Gas Engine Theory and Design Large 12mo, 

Miller, Berry, and Riley's Problems in Thermodynamics and Heat Engineer- 
ing 8vo, paper. 

Oberg's Handbook of Small Toojs Large 12mo, 

* Parshall and Hobart's Electric Machine Design. Small 4to, half leather, 

* Peele's Compressed Air Plant. Second Edition, Revised and Enlarged . 8vo, 

* Perkins's Introduction to General Thermodynamics 12mo. 

Poole's ^Calorific Power of Fuels 8vo, 

* Porter's Engineering Reminiscences, 1855 to 1882 8vo, 

Randall's Treatise on Heat. (In Press.) 

* Reid's Mechanical Drawing. (Elementary and Advanced.) 8vo, 

Text-book of Mechanical Drawing and Elementary Machine Design.Svo, 

Richards's Compressed Air 12mo, 

Robinson's Principles of Mechanism 8vo, 

Schwamb and Merrill's Elements of Mechanism 8vo, 

Smith (A. W.) and Marx's Machine Design 8vo, 

Smith's (O.) Press-working of Metals 8vo, 

Sorel's Carbureting and Combustion in Alcohol Engines. ■(Woodwar4 and 

Preston.) Large 12mo, 

Stone's Practical Testing of Gas and Gas Meters 8vo, 

Thurston's Animal as a Machine and Prime Motor, and t]?e Laws of Energetics. 

12mo, 

Treatise on Friction and Lost Work in Machinery and Mill Work.'. .8vo, 

* Tillson's Complete Automobile Instructor 16mio, 

* Titsworth's Elements of Mechanical Drawing Oblong 8vo, 

Warren's Elements of Machine Construction and Drawing. 8vo, 

* Waterbury's Vest Pocket Hand-book of Mathematics for Engineers. 

2-JX5t inches, mor. 

* Enlarged Edition, Including Tables mor. 

Weisbach's Kinematics and the Power of Transmission. (Herrmann — 

Klein.) 8vo, 

Machinery of Transmission and Governors. (Hermann — Klein.). .8vo, 
Wood's Turbines gvo, 

MATERIALS OF EHGINEERING. 

Burr's Elasticity and Resistance of the Materials of Engineering. 8vo, 

Church's Mechanics of Engineering gvo. 

Mechanics of Solids (Being Parts I, II, III of Mechanics of Engineering)'. 

8vo, 

* Greene's Structural Mechanics gvo 

HoUey's Analysis of Paint and Varnish Products. (In Press.) 

* Lead and Zinc Pigments .,.....', Large 12mo, 

Johnson's (C. M.) Rapid Methods for the Chemical Analysis of Special 

Steels, Steel-Making Alloys and Graphite Large 12mo, 

Johnson's (J. B.) Materials of Construction gvo'. 

Keep's Cast Iron .;.... gvo' 

* King's Elements of the Mechanics of Materials and of Power of Trans- 

mission ; gvo 

Lanza's Applied Mechanics .'.'.".*."!! !gvo' 

Lowe's Paints for Steel Structures 12mo' 

Maire's Modem Pigments and their Vehicles 12mo' 
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Maurer's Technical Mechanics 8vo $4 Oft 

Mernman's Mechanics of Materials gvo' 5 00 

* Strength of Materials iimo 1 GO 



A Manual for Steel-users 12mo] 2 00 



2 00 



3 50 

2 50 



Metcalf's Steel. 

* Murdock's Strength of Materials l2mo ^ uu 

Sabin's Industrial and Artistic Technology of Paint and Varnish. .' '.' ' 8vo' 3 00 

Smith's (A. W.) Materials of Machines. 12mo' 1 00 

* Smith's (H. E.) Strength of Material ... . .12mo' 1 25 

Thurston's Materials of Engineering 3 vols., 8vo', 8 00 

Part I. Non-metallic Materials of Engineering, 8vo' 2 00 

Part 11. Iron and Steel gvo' 

Part III. A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents 3.^0 

Waterbury's Laboratory Manual for Testing Materials of Construction. 

(In Press.) 

Wood's (De V.) Elements of Analytical Mechanics 8vo, 3 00 

Treatise on the Resistance of Materials and an Appendix on the 

Preservation of Timber gvo, 2 00 

Wood's (M. P.) Rustless Coatings: Corrosion and Electrolysis of Iron and 

Steel gvo, 4 00 

STEAM-ENGINES AND BOILERS. 

Berry's Temperature-entropy Diagram. Third Edition Revised and En- 
larged 12mo, 2 50 

Camot's Reflections on the Motive Power of Heat. (Thurston.) 12mo, 1 50 

Chase's Art of Pattern Making 12mo, 2 50 

Creighton's Steam-engine and other Heat Motors 8vo, 6 00 

Dawson's "Engineering" and Electric Traction Pocket-book. ...lemo, mor. 5 00 

* Gebhardt's Steam Power Plant Engineering .■ 8vo, 6 00 

Goss's Locomotive Performance 8vo, 5 00 

Hemenway's Indicator Practice and Steam-engine Economy 12mo, 2 00 

Hirshfeld and Barnard's Heat Power Engineering. (In Press.) 

Hutton's Heat and Heat-engines 8vo, 5 00 

Mechanical Engineering of Power Plants 8vo, 5 00 

Kent's Steam Boiler Economy 8vo, 4 00 

Kneass's Practice and Theory of the Injector 8vo, 1 50 

MacCord's Slide-valves Svo, 2 00 

Meyer's Modem Locomotive Construction 4to, 10 00 

Miller, Berry, and Riley's Problems in Thermodynamics 8vo, paper, 75 

Moyer's Steam Turbine Svo, 4 00 

Peabody's Manual of the Steam-engine Indicator 12mo, 1 60 

Tables of the Properties of Steam and Other Vapors and Temperature- 
Entropy Table Svo, 1 00 

Thermodynamics of the Steam-engine and Other Heat-engines. . . . Svo, 5 00 

* Thermodynamics of the Steam Turbine Svo, 3 00 

Valve-gears for Steam-engines Svo, 2 50 

Peabody and Miller's Steam-boilers Svo, 4 00 

* Perkins's Introduction to General Thermodynamics 12mo. 1 50 

Pupin's Thermodynamics of Reversible Cycles in Gases and Saturated Vapors. 

(Osterberg.) 12mo, 1 25 

Reagan's Locomotives : Simple, Compound, and Electric. New Edition. 

Large 12mo, 3 50 

Sinclair's Locomotive Engine Running and Management.' 12mo, 2 00 

Smart's Handbook of Engineering Laboratory Practice 12mo, 2 50 

Snow's Steam-boiler Practice : :: Svo, 3 00 

Spangler's Notes on Thermodynamics 12mo, 1 00 

Valve-gears 8vo, 2 50 

Spangler, Greene, and Marshall's Elements of Steam-engineering Svo, 3 00 

Thomas's Steam-turbVjes Svo, 4 00 

Thurston's Handbook of Engine and- Boiler Trials, and the Use of the Indi- 
cator and the Prony Brake '. Svo, 5 00 

Handy Tables Svo, 1 50 

Manual of Steam-b^ lers, their Designs, Construction, and Operation Svo, 5 00 

Manual of the Steam-eng:-v; 2 vols., Svo, 10 00 

Part I. History, Structure, and Theory Svo, 6 00 

Part II. Design, Construction, and Operation Svo, 6 00 
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Wehrenfennig's Analysis i . ,.,,,.,. . . , . 

Weisbach's Heat, Steam, ana oteam-engines. (Uu isois.) Jsvo, 

Whitham's Steam-engine Design 8vo. 

Wood's Thermodynamics, Heat Motors, and Refrigerating Machines. . .8vo, 

MECHANICS PURE AND APPLIED. 

' Church's Mechanics of Engineering. • 8vo, 

Mechanics of Fluids (Being Part IV of Mechanics of Engineering). . 8vo, 

* Mechanics of Internal Work 8vo, 

Mechanics of Solids (Being Parts I, II, III of Mechanics of Engineering). 

8vo, 

Notes and Examples in Mechanics. .'' .' ,. .8vo, 

Dana's Text-book of Elementary Mechanics for Colleges and Schools .12mo, 
Du Bois's Elementary Principles of Mechanics: 

Vol. I. Kinematics 8vo, 

Vol. II. Statics 8vo, 

Mechanics of Engineering. Vol. I Small 4to, 

Vol. II Small 4to, 

* Greene's Structural Mechanics 8vo, 

* Hartmann's Elementary Mechanics for Engineering Students. ...... 12mo, 

James's Kinematics of a Point and the "Rational Mechanics of a Particle. 

Large 12mo. 2 00 

* Johnson's (W. W.) Theoretical Mechanics 12mo, 3 00 

'•' King's Elements of the Mechanics of Materials and of Power of Trans- 
mission 8vo, 2 50 

Lanza's Applied Mechanics 8vo, 7 50 

* Martin's 'Text Book on Mechanics, Vol. I, Statics 12mo, 1 25 

* Vol. II. 'Kinematics and Kinetics 12zno, 1 50 

'•' Vol. III. Mechanics of Materials , 12mo, 1 50 

Maurer's Technical Mechanics 8yo, 4 00 

* Merriman's Elements of Mechanics ; 12mo, 1 00 

Mechanics of Materials .8vo, 5 00 

'•' Michie's Elements of Analytical Mechanics 8vo, 4 00 

Robinson's Principles of Mechanism 8vo, 3 00 

Sanborn's Mechanics Problems Large 12mo, 1 50 

Schwamb and Merrill's Elements of Mechanism ' 8vo, 3 00 

"Wood's Elements of Analytical Mechanics 8vo, 3 00 

Principles of Elementary Mechanics 12mo, 1 25 

MEDICAL. 

""^Abderhalden's Physiological Chemistry in Thirty Lectures. (Hall and 

Defren.) 8vo, 5 00 

von Behring's Suppression of Tuberculosis. (Bolduan.) 12mo, 1 00 

* Bolduan's Immune Sera 12mo, 1 50 

Bordet's Studies in Immunity. (Gay.) ^. Svol 6 00 

* Chapin's The Sources and Modes of Infection Large 12mo, 3 00 

Davenport's Statistical Methods with Special Reference to Biological Varia- 
tions 16mo, mor. I 50 

Ehrlich's Collected Studies on Immunity. (Bolduan.) 8vo, 6 00 

■* Fischer's Nephritis Large 12mo, 2 50 

* Oedema gyo, 2 00 

* Physiology of AUmentation Large 13mo, 2 GO 

* de Fursac's Manual of Psychiatry. (RosanofE and Collins.) . . . Large 12mo, 2 50 

*,Hammarsten's Text-book on Physiological Chemistry. (Mandel.) 8vo, 4 00 

Jackson's Directions for Laboratory Work in Physiological Chemistry. .8vo, 1 25 

Lassar-Cohn's Praxis of Urinary Analysis. (Lorenz.) 12mo! 1 00 

Mandel's Hand-book for the Bio-Chemical Laboratory 12mo! 1 50 

"■ Nelson's Analysis of Drugs and Medicines 12mo' 3 00 

* Pauli's Physical Chemistry in the Service of Medicine. (Fischer.).. 12mo', 1 25 

* Pozzi-Escot's Toxins and Venoms and their Antibodies. (Cohn.). . 12mo' 1 00 

Rostoski's Serum Diagnosis. (Bolduan.) 12moi 1 00 

Ruddiman's Incompatibilities in Prescriptions gvo' 2 00 

Whys in Pharmacy. Vl^mo! 1 00 

balkowski s Physiological and Pathological Chemistry. (OmdorfE.) 8vo, 2 50 
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* Satterlee's Outlines of Human Embryology 12mo, SI 25 

Smith's Lecture Notes on Chemistry for Dental Students 8vo, 2 50 

* Whipple's Tyhpoid Fever .' Large 12mo, 3 ©O 

* WoodhuU's Military Hygiene for Officers of the Line Large 12mo, 1 S» 

* Personal Hygiene , 12mo, 1 OCt 

Worcester and Atkinson's Small Hospitals Establishment and Maintenance, 
and Suggestions for Hospital Architecture, with Plans for a Small 

Hospital 12nio, 1 25 

METALLURGY, 

Betts's Lead Refining by Electrolysis 8vo, 4 OO 

BoUand's Encyclopedia of Founding and Dictionary of Foundry Terms used 

in the Practice of Moulding 12mo, 3 OO 

Iron Founder. 12mo, 2 50 

" " Supplement 12mo, 2 SO 

* Borchers's Metallurgy. (Hall and Hayward.) 8vo, 3 00- 

■* Burgess and Le Chatelier's Measurement of High Temperatures. Third 

Edition 8vo, 4 OQ 

Douglas's Untechnical Addresses on Technical Subjects 12mo, 1 OO 

Goesel's Minerals and Metals: A Reference Book 16mo, mor. 3 OO' 

* Iles's Lead-smelting 12mo. 2 50- 

Johnson's Rapid Methods for the Chemical Analysis of Special Steels, 

Steel-making Alloys and Graphite Large 12mo, 3 CO 

Keep's Cast Iron 8vo, 2 50 

Metcalf 's Steel. A Manual for Steel-users 12mo, 2 O* 

Minet's Production of Aluminum and its Industrial Use. (Waldo.). . 12nTO, 2 50> 

* Palmer's Foundry Practice Large 12mo, 2 OO 

* Price and Meade's Technical Analysis of Brass 12rao, 2 OO 

* Ruer's Elements of Metallography. (Mathewson.) 8vo, 3 00 

Smith's Materials of Machines 12mo,- 1 OO 

Tate and Stone's Foundry Practice 12roo, 2 00" 

Thurston's Materials of Engineering. In Three Parts 8vo,. S OO* 

Part I. Non-metallic Materials of Engineering, see Civil Engineering, 
page 9. 

Part II. Iron and Steel 8vo, 3 SO" 

Part III. A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents Sva, 2 oO' 

TJlke's Modem Electrolytic Copper Refining 8vo, 3 00> 

West's America^L Foundry Practice ; 12™^, 2' 50 

Moulders' Text Book 12mo. 2 50 

MINERALOGY. . 

* Browning's Introduction to the Rarer Elements 8vo, 

Brush's Manual of Determinative Mineralogy. (Penfield.) Svo, 

Butler's Pocket Hand-book of Minerals 16mo, mor. 

Chester's Catalogue of Minerals Svo, paper, 

Cloth, 

* Crane's'Gold and Silver Svo, 

Dana's First Appendix to Dana's New "System of Mineralogy". .Large Svo, 
Dana's Second Appendix to Dana's New " System of Mineralogy." 

Large Svo, 

Manual of Mineralogy and Petrography 12mo, 

Minerals and How to^ Study Them 12mo, 

System of Mineralogy .Large Svo, half leather. 

Text-book of Mineralogy Svo, 

Douglas's Untechnical Addresses on Technical Subjects 12mo, 

Eakle's Mineral Tables 8vo, 

* Eckel's Building Stones and Clays SvOy 

Goesel's Minerals and Metals: A Reference Book 16mo, mor. 

* Groth's The Optical Properties of Crystals. (Jackson.) Svo, 

Groth's Introduction to Chemical Crystallography (Marshall) 12mo, 

* Hayes's Handbook for Field Geologists 16ino, mor. 

Iddings's Igneous Rocks f'"' 

Rock Minerals »™> 
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Johannsen's Determination of Rock-forming Minerals in Thin Sections. 8vo, 

' With Thumb Index $5 00 

* Martin's Laboratory Guide to Qualitative Analysis with the Blow- 

pipe 12mo, 60 

Merrill's Non- metallic Minerals: Their Occurrence and Uses 8vo, 4 00 

Stones for Building and Decoration 8vo, 5 00 

* Penfield's Notes on Determinative Mineralogy and Record of Mineral Tests. 

8vo, paper, 50 
Tables o£ Minerals, Including the Use of Minerals and Statistics of 

Domestic Production 8vo, 1 00 

* Pirsson's Rocks and Rock Minerals 12mo, 2 60 

* Richards's Synopsis of Mineral Characters 12mo, mor. 1 25 

* Ries's Clays: Their Occurrence, Properties and Uses 8vo, 5 00 

* Ries and Leighton's History of the Clay-working inausiry of the United 

States 8vo, 2 50 

* Rowe's Practical Mineralogy Simplified 12mo. 1 25 

* Tillman's Text-book of Important Minerals and Rocks 8vo, 2 00 

Washington's Manual of the Chemical Analysis of Rocks 8vo, 2 00 

MINING. 

* Beard's Mine Gases and Explosions Large 12mo, 3 00 

* Crane's Gold and Silver 8vo, 5 00 

* Index of Mining Engineering Literature 8vo, 4 00 

* 8vo, mor. 5 00 

* Ore Mining Methods 8vo, 3 00 

* Dana and Saunders's Rock Drilling 8vo, 4 00 

Douglas's Untechnical Addresses on Technical Subjects 12mo, 1 00 

Eissler's Modem High Explosives 8vo, 4 00 

Goesel's Minerals and Metals; A Reference Book 16mo, mor. 3 00 

Ihlseng's Manual of Mining Svo, 5 00 

* Iles's Lead Smelting 12mo, 2 50 

"* Peele's Compressed Air Plant Svo, 3 50 

Riemer's Shaft Sinking Under Difficult Conditions. (Coming and Peele.)8vo, 3 00 

* Weaver's Military Explosives 8vo, 3 00 

Wilson's Hydraulic and Placer Mining. 2d edition, rewritten 12mo, 2 50 

Treatise on Practical and Theoretical Mine Ventilation 12mo, 1 25 

SANITARY SCIENCE. 

• Association of State and National Food and Dairy Departments, Hartford 

Meeting, 1906 8vo, 3 00 

Jamestown Meeting, 1907 Svo, 3 00 

* Bashore's Outlines of Practical Sanitation. . . % 12mo, 1 25 

Sanitation of a Country House '. 12mo, ■ 1 00 

Sanitation of Recreation Camps and Parks 12mo, 1 00 

* Chapin's The Sources and Modes of Infection Large 12mo, 3 00 

■Polwell's Sewerage. (Designing, Construction, and Maintraiance.) Svo, 3 00 

Water-supply Engineering 8vo, 4 00 

Fowler's Sewage Works Analyses 12mo, 2 00 

Fuertes's Water -filtration Works 12mo, 2 50 

Water and Public Health 12mo, 1 50 

Gerhard's Guide to Sanitary Inspections 12mo, 1 50 

* Modem Baths and Bath Houses. ." 8vo, 3 00 

Sanitation of Public Buildings 12moi 1 50 

* The Water Supply, Sewerage, and Plumbing of Modem City Buildings. 

Svo, 4 00 

Hazen's Clean Water and How to Get It Large 12mo, 1 50 

Filtration of Public Water-supplies Svo, "3 00 

* Kinnicutt, Winslow and Pratt's Sewage Disposal Svo] 3 00 

Leach's Inspection and Analysis of Food with Special Reference to State 

Control ; gvo, 7 50 

Mason's Examination of Water. (Chemical and Bacteriological) 12mo, 1 25 

Water-supply. (Considered principally from a Sanitary Standpoint) . 

Svo, 4 00 

* Mast's Light and the Behavior of Organisms Large 12mo, 2 50 
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* Merriman's Elements of Sanitary Engineering 8vo, S2 00 

Ogden's Sewer Construction 8vo, 3 00 

Sewer Design ■/. .'.'.'.'.'i^mo', 2 00 

Parsons's Disposal of Municipal Refuse 8vo, 2 00 

Prescott and Winslow's Elements of Water Bacteriology, with Special Refer- 
ence to Sanitary Water Analysis 12mo, 1 50 

* Price's Handbook on Sanitation 12mo, 1 60 

Richards's Conservation by Sanitation 8vo, 2 50 

Cost of Cleanness 12mo,' 1 00 

Cost of Food. A Study in Dietaries 12mo, 1 00 

Cost of Living as Modified by Sanitary Science 12mo, 1 00 

Cost of Shelter 12mo, 1 00 

Richards and Woodman's Air, Water, and Food from a Sanitary Stand- 
point 1 8vo, 2 00 

* Richey's Plumbers', Steam-fitters', and Tinners' Edition (Building 

Mechanics' Ready Reference Series) 16mo, mor. 1 50 

Rideal's Disinfection and the Preservation of Food 8vo, 4 00 

Soper's Air and Ventilation of Subways .' 12mo, 2 50 

Tumeaure and Russell's Public Water-supplies 8vo, 5 00 

Venable's Garbage Crematories in America 8vo 2 00 

Method and Devices for Bacterial Treatment of Sewage Svo, 3 00 

Ward and Whipple's Freshwater Biology. (In Press.) 

Whipple's Microscopy of Drinking-water Svo, 3 50 

* Typhoid Fever Large 12mo, 3 00 

Value of Pure Water. Large 12mo, 1 00 

Winslow's Systematic Relationship of the Coccacese Large 12mo» 2 50 

MISCELLANEOUS. 

* Burt's Railway Station Service 12mo, 2 00 

* Chapin's How to Enamel 12mo. 1 00 

Emmons's Geological Guide-book of the Rocky Mountain Excursion of the 

International Congress of Geologists Large 8vo, 1 50 

Ferrel's Popular Treatise on the Winds ; , Svo, 4 00 

Fitzgerald's Boston Machinist ISmo, 1 00 

* Fritz, Autobiography of John Svo, 2 00 

Gannett's Statistical Abstract of the World 24mo, 75 

Haines's American Railway Management 12mo, 2 50 

Hanausek's The Microscopy of Technical Products. ■ (Winton) Svo, 5 00 

Jacobs's Betterment Briefs. A Collection of Pubhshed Papers on Or- 
ganized Industrial Efficiency Svo, 3 50 

Metcalfe's Cost of Manufactures, and the Administration of Workshops.. Svo, 5 00 

* Parkhurst's Applied Methods of Scientific Management Svo, 2 00. 

Putnam's Nautical Charts , Svo, 2 00 

Ricketts's History of Rensselaer Polytechnic Institute 1824-1S94. 

Large 12mo, 3 00 

* Rotch and Palmer's Charts of the Atmosphere for Aeronauts and Aviators. 

Oblong 4to, 2 00 

Rotherham's Emphasised New Testament Large Svo, 2 00 

Rust's Ex-Meridian Altitude, Azimuth and Star-finding Tables Svo 5 00 

Standage's Decoration of Wood, Glass, Metal, etc 12mo 2 00 

Thome's Structural and Physiological Botany. (Bennett) 16mo, 2 25 

Westermaier's Compendium of General Botany. (Schneider) .8vo, 2 00 

Winslow's Elements of Applied Microscopy 12mo, 1 50 

HEBREW AHD CHALDEE TEXT-BOOKS. 

Gesenius's Hebrew and Chaldee Lexicon to the Old Testament Scriptures. 

(Tregelles.) Small 4to, half mor, 5 00 

Green's Elementary Hebrew Grammar 12mo 1 25 
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